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Knowledge of the blood pressure norms for the whole of the postnatal period 
of life, particularly in man, is extensive but a comparable body of information 
relating to the prenatal period has not been forthcoming presumably because 
less readily available rather than less interesting. The circulatory system before 
birth is not subject to reflex disturbances to the same extent as the adult but 
it is itself undergoing very considerable structural changes. 

From time to time single observations upon fetal blood pressure have ap- 
peared (reviewed by Barcroft, 1936) but only one study has been made of fetal 
blood pressure in relation to fetal age, the seven measurements of the sheep 
fetus by Bareroft. For a clear understanding of the changes in blood pressure 
during the course of intrauterine life it is necessary to have a large number of 
observations at short intervals throughout gestation in some one form of animal 
from which a continuous supply of embryonic material of known age can be 
obtained. The rat was chosen because of a need of some knowledge of blood 
pressure in certain experimental work projected by two of us, and because of 
the possibility of correlating pressure changes with the known morphological 
steps in the development of the heart in the rat (Burlingame and Long, 1939 
A disadvantage lies in the relative immaturity of the rat at birth, as compared 


with sheep, dog and cat, animals from which isolated blood pressure measure 
ments have been obtained near the end of the gestation period. 

Metuops. Preparation of the mother rat. The time of conception was 
arbitrarily dated from the midnight preceding the finding of sperm in the vagina; 


and was confirmed by reference to the morphological data obtained by Long and 
Burlingame (1938). The pregnant rat was lightly anesthetized with ether by 
inhalation followed with 0.5 mgm. of pentobarbital sodium by intravenous 
injection repeated at half-hour or longer intervals. 

Since in many instances the maternal blood pressure was recorded simul 


1 Supported by a grant made by the Board of Research of the University of California 
to the senior author. 
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taneously with the fetal blood pressure, the carotid artery was exposed. TI 
trachea was cannulated to minimize the respiratory difficulties incident to tl 
prolonged anesthesia. After a 3 inch abdominal incision was made in the mid 
line, and any consequent bleeding controlled, the mother was immersed in 
bath of Tyrode’s solution kept at 38 + 0.5°C. One horn of the uterus was lift: 
out and gently extended on a submerged cork platform. Through a short in 


cision at the cephalic end of the uterus a slender, slightly curved, glass rod wa 
inserted a short distance between the wall of the uterus and the yolk sac, an 
used both to elevate the uterus momentarily above the surface of the water and 
as au guide (protection to the fetal membranes) in opening the uterus. Thi 
uterus was opened by making an incision throughout its length by means of 
hemostatic cautery along the rod as the latter was inserted further and further 
beneath the wall. The uterus was then pinned out on the cork platform in suc! 
a manner as to bring the placenta of one selected fetus into a horizontal position 
Care was taken not to separate any of the placentae from the uterus since thi 
accident causes profuse bleeding which lowers the maternal blood pressur 
Any unnecessary manipulation which might result in obstruction to the uterin 
circulation was carefully avoided. 

The maternal blood pressure from the carotid artery was recorded on 
smoked drum by means of a Hurthle manometer. Ten per cent citrate was 
used as an anticoagulant. 

Preparation of the fetus. All subsequent operations were performed under the 
dissecting microscope which was supported on a jointed bracket for flexibility 
of positions. The yolk sae of the chosen fetus was opened with the cautery, 
the incision being made between parallel vessels to avoid bleeding and to cause 
as little interference with the volk sac circulation as possible. The yolk sac 
was then slipped off the embryo, revealing the umbilical vessels and their 
branches on the surface of the placenta. Care was taken not to stretch or 
manipulate the umbilical vessels because of their tendency to contract when 
disturbed. A minute incision was made with sharp needles in the tough trans- 
parent membrane which covers the surface of the placenta, above a suitable 
branch and not too close to the umbilical artery. The branch was then scraped 
free of connective tissue which might clog the cannula. 

The cannula, about 7 mm. long, was attached to a short length of catheter 
tubing which was supported by a light clamp on racks and pinions about 2 em. 
from the tip. Its position could be adjusted in both the vertical and horizontal 
planes to any convenient angle (usually at nearly right angles to the long axis 
of the uterus). The length of tubing between the cannula and the support 
alowed sufficient flexibility to prevent the blood vessel from pulling away from 
the cannula during uterine contractions which occur during and after the eigh- 
teenth day of pregnancy. This arrangement permitted the cannula to travel 
with the placenta without disturbing the connection. In each instance a 
cannula was chosen which would fit the blood vessel snugly. A tiny barb, on 
the fish hook principle, was drawn on the tip as an additional precaution against 
the pulling out of the cannula. The tip, 0.15 to 0.25 mm. in diameter, was 


| 


BLOOD PRESSURE RESPONSES IN FETAL RAT 175 


evelled like a hypodermic needle and fire polishe d Phe cannula was broug]) 

into position parallel to and just above the prepared vessel with its tip close to 
the junction of the branch and the umbilical artery. It was possible, by grasp 
ing the edges of the incision above the blood vessel to pull the vessel onto the 
cannula without loss of blood inasmuch as the tip was sharp enough to pierc 
the blood vessel wall. The fetal circulation through the placenta was not 
obstructed except in the one branch. Heparin Was used as an anticoagulant 
and was drawn into the cannula just before its insertion. 

The method used in determining the fetal blood pressure was essentially that 
devised by Landis (1934) for determining the blood pressure in human capi 
laries. The fetal blood pressure was read from a capillary water column | Tyrod 
solution) which was balanced with the blood pressure by means of a syringe 
that is to say, the water column was continuously adjusted to a point at which 
blood just remained in the cannula but no Tyvrode entered the artery during 
diastole. The rise in the tube due to capillarity and the exact level of the fetus 
were taken into account in setting the zero point. Readings were taken at in 
tervals of 15, 30 or 60 seconds during periods of fluctuations and at longer in 
tervals when a particular level was maintained. Under these conditions the 
fetal pulse rate maintained a constant level for an hour or more. 

The above procedure applies to embryos of 153 days or more. The method 
was not found feasible for embryos in the earlier stages of pregnancy because of 
the tendency of the uterus to expel the embryo through an incision. 

Moreover, it soon became apparent that when the younger embryos are 
separated from the uterus and placed in Tyrode solution at body temperature 
the pulse rate remains normal for only a few minutes. If the embryo with 
membranes intact is placed in a bath at room temperature, the pulse rate falls 
immediately to a low level but the rate quickly returns to normal if the embryo 
is subsequently transferred to a bath at body temperature. The normal rate 
is then maintained as long as though the embryo had been placed in a warm 
bath immediately upon removal from the uterus. These early embryos were 
therefore placed in a room temperature bath for the operative procedure pre 
paratory to cannulation in order that the entire period of normal pulse rate 
might be used for the blood pressure determination. 

The yolk sae was severed from the placenta by cutting with iridectomy scis 
sors in the narrow non-vascular zone adjacent to the placenta, thus allowing 
the yolk sae to slip down the umbilical cord exposing the branches of the um 
bilical vessels on the inner surface of the placenta. There was no loss of tetal 
blood inasmuch as the yolk sac vessels remained entirely intact. (Oecasionally 
an anastomosis was encountered between the yolk sac and the placental circu 
lation, across the normally nonvascular zone, in which case the embryo could not 
be used.) A branch of the umbilical artery was then prepared for cannulation, 
as described above, and the embryo transferred to the warm bath. The usual 
time interval between removal from the uterus and cannulation was from five 
to ten minutes. 

Although no precise data were collected on the subject it was found that 
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embryos could be kept at room temperature for a half hour or more without 
impairing the ability of the heart to return to its normal rate upon restoration 
of the normal temperature. 

soth methods were emploved with 153 day embryos for comparison. 

tecords were made of the crown-rump length of each fetus (measured wet 
The length of each fetus actually used did not in any case differ by more than on: 
millimeter from the average for the litter. The average crown-rump length of 
the fetuses from which blood pressure measurements were obtained is given at 
the foot of figure 2 for each age group. More extensive data have been compiled 
by Gonzalez (1932) on the rate of growth of the rat fetus. Our measurements 
in the latter half of pregnancy are somewhat in excess of his mean values but 
fall within the range of normal variation which he reports. 

Standard conditions. The following criteria were used to insure as far as 
possible that the fetuses were in a suitable physiological condition for observa- 
tion. 1, no maternal hemorrhage; 2, no obstruction in the uterine blood supply 
as a result of kinking or stretching; 3, characteristic arterial color in the umbili- 
eal artery; 4, uninterrupted, constant and rapid pulse in the umbilical artery; 
5, no loss of fetal blood. 

OBSERVATIONS. The pulse rate. A rapid and steady pulse rate was taken 
as the primary criterion for normaley. The pulse was therefore observed and 
recorded at frequent intervals for each fetus (fig. 1). Two curves (joined by a 
dotted line) appear in this figure. The upper curve shows the increment in 
pulse rate from 15} to 21} days for embryos with placental attachment to the 
mother. The lower curve shows the observations between the ages of 113 and 
15} days for embryos entirely separated from the mother. Each point in the 
curves represents an average of the several observations on different embryos 
at any particular age. 

Since the points for 113, 123 and 133 days are in line with the points of the 
upper curve, these three pulse rate values for embryos without placental at- 
tachment were considered to be within the range of normaley. The blood 


pressure values for these three age groups were therefore considered acceptable 


and are plotted in figure 2. Inasmuch as the average pulse rate value for em- 


brvos of 153 days without placental attachment (lower curve) is considerably 
lower than the average rate for embryos for the same age with placental attach 
ment the lower value was considered abnormally low and the blood pressure 
values for these embryos were therefore discarded. The blood pressure values 
for 143 dav embrvos were discarded for the same reason. 

It is apparent from these two curves that the pulse rate in the very early 
stages of pregnancy is independent of placental attachment to the uterus, for a 
brief period. After 133 days, embrvos cannot be depended upon to maintain a 
normal pulse rate long enough to give a normal blood pressure reading after 
separation of the placenta from the uterus. 

Goss (1938) fixes the time of first contraction of cardiac muscle cells at 9 
davs 14 + 2 hours (dating from “the early hours” of copulation) and the start 
ing rate 37 to 42 per minute. The embryos were observed in hanging drops at 
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38°C. Goss’ value is placed on our graph for comparison with our data (fig. 1 
Goss does not comment on the curious fact that he obtained no value less than 
37 beats per minute. 

The only other values for the pulse rate of the rat fetus are those of Corey 

1932) which are considerably lower than ours. 

Blood pressure change s. The blood pressure records of each fetus were plotted 
against time in minutes. 
the differences in pressure are small, all values for fetal blood pressure are ex- 


Typical examples are shown in figure 3. Because 


pressed in terms of millimeters of Tyrode solution rather than of mercury. 
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Fig. 1. Change in heart rate of fetal rats with time of gestation. Each circle represents 
the mean value for the age group 
?. Change in blood pressure of fetal rats with time of gestation 


Fig. 2. 
sents a value for one fetus (see text Bars show extreme values for single observations 


Keach circle repre 


in each age group 

The 153 day fetus in figure 3, maintained a value which fluctuated only 
+1.0mm., from 64 to 68 mm. (5 mm. Hg) over a period of 47 minutes (26 min. of 
The average fluctuation for the group was 0.9 mm. ‘Tyrod 


which are shown 
there is a fluetuation of 


At 173 days, in the example shown in figure 3, 
+7.0 mm., from 104 to 120 mm. (8 to 9 mm. Hg). 
five fetuses from which readings were obtained at frequent intervals for at least 
The records for the other three members of 


The average fluetuation of 


twenty minutes was +6.0 mm. 
the group were not of sufficient duration or the readings too infrequent to show 
fluctuations which may have occurred. 

The record of the 19} day fetus in figure 3 shows a fluctuation of 15.0 mm 
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from 164 to 194 mm. (12.1 to 14.3 mm. Hg). The average fluctuation of thr 
fetuses from which records were obtained at lrequent intervals for twent 
minutes Or more was +£14.0 mm. 

The greatest fluctuation was shown by 213 day fetus with a range of 23 mn 
rom 168 to 214 mm. (12.4 to 15.7 mm. Hg 

The selection of any representative value for the blood pressure after t] 
~ixteenth day was an arbitrary matter because of the prolonged period of fluc 
tuation in pressure, It was nec ssary to choose such a value however in ord 
to study the relationship between pressure and age. The procedure used was 
follows: 


1. Data obtained after the 30th minute were discarded as representing pos 


siblv a moribund state. 


2. In those fetuses which showed fluctuations in blood pressure, an averag 


is taken of the highest and lowest points. Thus in figure 3, 193 davs, t] 
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Fig.3. Blood pressure variations during period of observation. Each line gives observa- 
ions on one fetus selected to represent its age group. 


hlood pressure is read 179 + 15 mm. Tyrode (13.2 mm. Hg), the lowest value 
being 164 mm. and the highest 194 mm. 

3. Several fetuses showed a steady gradual rise in blood pressure during th 
tirst few minutes and then maintained a level, with or without fluctuations, 
sometimes considerably above the initial pressure. In such cases the first 
few minutes were discarded as representing possibly a period of recovery from 
manipulation. 

t. In the case of embryos of 153 days and younger which were separated 
from the uterus the first indication of a level having been reached after the 
bath temperature was raised from 24°C to 37.5°C was taken as the blood pressure 
of the embryo. Since embryos of 153 days show fluctuations of only 1.0 mm., 
it was assumed that fluctuations of greater magnitude do not occur in earliei 
periods of gestation. 

The mean pressure was computed for each fetus and for each age group 
These values are plotted in figure 2 to show the progressive rise in fetal blood 


pressure with age. The highest and lowest values recorded within each age 
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group are shown by bars. In studying this curve it should be reealled that 
here is the possibility of a timing error of six hours or so in the age of the fetus 

VWaternal blood pressure Determinations of the maternal blood pressure 
were made in ordet to be sure that the maternal pressure Was being maimntame d 

ithin normal limits under the conditions of the experiment. The average ot! 
twenty observations was 129.35 mm. Hg (standard deviation of the distribution 
23.82). Byrom and Wilson (1938) have reviewed the work on the blood pres- 
sure of the adult rat, the pressure range being from 78 to 154 mm. Hg. Ther 


was no evident parallelism between fluctuation in maternal and fetal pressures 
In Our experiments. 

Discussion. Goss (1938) fixes the time for the beginning of circulation at 
“approximately 12 hours bevond the stage of first contraction” which would be 
very early in the 10th day; Burlingame and Long (1939) at about 103 davs 
The blood pressure curve, if extended downward, would meet the base line 
zero pressure) at a point quite in agreement with these findings (dotted line, 
fig. 2 

Between the 21st and 22nd day (the normal time for parturition) the curve 
levels off rather abruptly. It is felt that perhaps little significance should 
he attached to this deflection, inasmuch as the average for the 22nd day repr: 
sents only three values. We found difficulty in maintaining the normal puls: 
rate of a 213 day fetus in the saline bath for more than a few minutes. More- 
over the attachment of the placenta to the uterus at this age is so extremels 
tenuous that the least disturbance results in complete detachment or serious 
hemorrhage. However one fetus was maintained under satisfactory conditions 
for 28 minutes and showed at the end of this period the highest pressure re 
corded for any age, 214.0 mm. (15.7 mm. Hg). It is likely that the average 
given for 213 days, 189 mm. (13.9 mm. Hg), is from 5 to 10 mm. (less than 1.0 
mm. Hg) too low. The only other available estimate of the fetal rat’s blood 
pressure is that of Corey (1932) who gives an average value of 10 mm. Hg 
hased upon observation on three litters during the latter half of pregnancy. 

The blood pressure of the fetus at birth (about 14.0 mm. Hg) is considerably 
lower than that of other animals which have been investigated. The blood 
pressure of other animals near term ranges from 30 to 80 mm. Hg according to 
Bareroft (1936). Perhaps this is due to the immaturity of the rat at birth as 
compared with the cat, dog, guinea pig or sheep. If the rate of increase shown 
by the rat fetus between the 20th and 21st day, 1.3 mm. Hg per day (the 22nd 
day disregarded for reasons mentioned above) were continued after birth the 
adult blood pressure would be attained in a little less than three months. Ther 
is, however, no available information on the post-natal rate of increase in blood 
pressure in the rat. 

Our own observations and those of other workers suggest that the fluetus- 
tions in fetal blood pressure recorded during the latter half of pregnancy are 
produced by alternate contractions and relaxations of the uterus 

Clark (1932) found that adrenaline, pitressin and histamine injected into 
the maternal blood stream of a dog or cat resulted in a trifling rise in fetal 
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blood pressure followed by a prolonged fall. He attributed the decline in pres 
sure to occlusion of arterioles of the placenta during uterine contraction. 

Likewise in experiments to be described below we found that the injection 
into the maternal blood stream of pressor substances (fig. 4) known to cause 
uterine contraction were followed by sudden and profound falls in fetal blood 
pressure. These substances when injected directly into the fetal blood stream 
cause a marked rise in fetal blood pressure. 

Structural changes in the heaft and blood vessels do not produce any abrupt 
changes in the functional development of the circulatory system as reflected in 
the rate of increase of blood pressure and pulse rate. With the transition from 
a one to a two chambered ventricle during the sixteenth day there is an accelera- 
tion in the rate of increase in the blood pressure (fig. 2) and the new rate is 
maintained without change through the 20th day (straight segment of the 
curve). With the partitioning of the ventricle into right and left chambers the 
heart becomes functionally a four-chambered organ although the foramen 
ovale is still patent and aids in the filling of the left atrium. However, the 
augmented rate of increase in blood pressure cannot be attributed to any one 
structural change, radical as it may appear. 

Injections of Renin into the Pregnant Rat and Fetus? An examination of the 
changes in blood pressure of mother and fetus when either of these organisms is 
exposed to renin is of interest for several reasons. In the first place such a 
study should throw light on the transmission across the placenta of this sub- 
stance or its pressor derivatives. Irvine Page and O. M. Helmer (1940) have 
published evidence that the pressor action of renin is due to the liberation ot 
angiotonin. Angiotonin, which is a strong pressor, is crystalloid and diffusible. 
It might, therefore, be expected to diffuse across the placenta and accumulate 
in sufficient concentration to show its pressor action. In the second place since 
many believe renin to play a part in human hypertension it would be of interest 
to add to the information accumulated from the few cases in which blood pres- 
sure measurements have been recorded from new born infants of hypertensive 
mothers by F. J. Browne and G. H. Dodds (1936). Further, it has been postu- 
lated by Harrison, Grollman and Williams (1940) and denied by Page, Patton 
and Ogden (1941) that the fetal kidney is instrumental in lowering hypertension 
in pregnant animals due to the production of an antipressor substance. If 
this were a specific response of the fetus to maternal hypertension it would seem 
that the pressor substance or a specific derivative of it must be getting into the 
fetal circulation. 

Method. Renin was injected into the jugular vein in the case of the mother. 
Injection into the fetal circulation was accomplished by piercing the catheter 
tubing with a no. 27 hypodermic needle just behind the cannula and then forcing 
the substance into the umbilical artery with the syringe in the manometer 
system. Corresponding amounts of Tyrode solution injected into the fetal 
circulation did not affect the blood pressure. Only fetuses of 173, 195 and 203 
days were used in the following experiments. 

2 Dr. Irvine Page of the Eli Lilly Laboratories for Clinical Research kindly gave us the 
renin. 
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Normal pressures were recorded from mother and fetus fora 
ten to twenty prior to the first mjection of renin Chanee extraneous 
stimuh (e.g. manipulation of the uterus) caused sudden falls of maternal blood 
pressure from which there Was eradual spontaneous recovery bout eritientl 
examination showed that rises of blood pressure of 5.0 mim. He or more above 
the imitial normal level only after the Myechion OF KNOW pressol 
substance 

Results. Hight pregnant rats were given one or more injections of renin 
Che doses used ringed from 0.005 to O.15 ce With so few experiments ind 
with the uncertainty as to whether the progress of pregnancy modified the 
responses to renin it Was not possible to relate dosage to effeet but the pression 
was gained that the smaller doses were about as effective as larger ones so fir a 
the effeet on blood pressure was concerned. 

In every case the first injection of renin into the maternal circulation resulted 


In rise im maternal blood pressure averaging 20.6 mm. He. The presse 
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response Ol the mothe: Characteristicalls reached a maximum after 90 second 
and had largely disappeared within ten minutes, 

In no instance was there a signifiennt rise in fetal blood PPESSULE following 
the injection of renin into the maternal blood stream. In only one was there 
any rise at all and this increase was not greater than a normal fluctuation, — In 
all other instances the fetal pressure continued to maintain its previous level 
or showed a sudden or gradual decrease, depending upon the dosage 

An abrupt fall of 42 mm. Tyvrode (3.1 mm. Hg) im fetal blood pressure wa 
produced by an unusually large dose (0.15 ee.) to the mother (fig. 4 Dose 
of renin up to 0.04 or less did not produce this effect 

One rat, in the 21st day of pregnaney, was given a series of injections of renin 
over a period of forty minutes in doses of O.OL or 0.02 ce. for a total of OLEL ce 
During this time the maternal blood pressure fluctuated between 1TtO dnd 160 
mm. He (initial level 130 mm. He The fetal blood pressure fluctuated) be 
tween plus 1.0 and minus 17 mm. in respect to the initial level of TSS mim 
Tvrode (13.6 mm. Hg). During the greater part of the period the fetal blood 


pressure Was not more than 5.0 mm. below the initial level Vt the end of the 
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period the fetus was given an injection of O.06 ce. of renin which produced IN 
of P15 mm. (8.5 mm. He) above the initial level. “Phe maximum pressure o 
300 mm. Pvrode (22.1 mm. He) was reached five minutes after the Ihnhyectlons 
hie PrESSLLE then gradually fell, returning to the imitial level one hour and 
thirty-eight minutes after the injection. “Phe maternal blood pressure showed 
no response to the injection of renin into the fetus. Forty-five minutes after 
the injection of renin into the fetus an mjection of 0.05 ce. into the maternal 
circulation produced a rise of 25.0 mm. Hg in the maternal blood pressure but 
produced ho interruption in the steady decline in fetal blood pressure. Both 
maternal and fetal blood pressures were recorded. for three hours and. fifteen 
this experiment Thus the Injection of renin into mother and fetus 
scems CO] roduce entirely Independent results confined to the organism receiving 
the substance and independent of whether the other organism has or has not 
been recently loaded with renin (tachyphylactic state 

Six fetuses 19) and 205 days old were given initial injections of 0.06, 0.06 
0.06, 0.03, 0.03, 0.015 ce. renin. The resultant rises in fetal blood) pressure 
were, respectively, 127, 125, 86, 89, 96, 49 mm. Tyrode (9.3, 9.1, 6.3, 6.5, 7.1 
3.6 mm. Hg In a seventh fetus, 174 davs old, the first and second doses of 
0.01 and 0.02 ce produced ho response but a third Injection ol 0.02 ce. gave a 
rise of 381.0 mm. Phis is in contrast to one 195 day fetus that received five 
injections (O.015, 0.015, 0.01, 0.03, 0.02 ce.) in fifteen minutes and failed to 
respond to any but the first (rise of 49 mm. Pyrode 

It is to be noted that the absolute effective dose per fetus is about the same as 
the absolute effective dose per mother, indicating that the fetus is vastly less 
sensitive to this substance than the mother Furthermore the voungest fetus 
gave the least response 

Of the thirteen injections given to these seven fetuses only seven were fol 
lowed by changes in maternal blood pressure and these were mnconstant in 


direction and neghgible ino magnitude 3, +4, «+4, 2 2 mm. He 


Four of the mothers were subsequently demonstrated to be responsive to renin 


injected into their own circulations and the other two had been previously so 
tested 

An Injection of 0.03 ce. of anegiotonin into the blood stream) of pregnant 
rat produced a rise of 35 mm. Hg. During the subsequent four minutes the 
blood pressure of the fetus (205 days old) tell 72 mm. Pyrode (5.8 mm. He 
from 197 to 125 mm 

In another experiment 1.0 ec. of TPyvrode solution containing 0.08 ec. of angio 
tonin Was perfused into the umbilical artery of a 193 dav fetus over a period ol 
twenty minutes The maternal blood pressure remained constant at 120 mm. 
He. Subsequently injection of O.OL ce. of angiotonin into the maternal cireula 
tion gave arise of 30 mm. He. 

etal injections of epinephrine \ pregnant rat With an initial blood pressure 
of 120 mm. Hg was given an injection of 0.02 ce. (1: 10,000) of epinephrine 
When the pressure had fallen to 66 mm. Hyg, after forty minutes. “Phe maternal 


pressure rose immediately to 102 mm. Tg and the fetal pressure which had 
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maintained a level of 175 + 5 mm. Tyrode (12.9 mm. Hg) for fiftv minutes, fell 


to 150 mm. Tyrode (11.0 mm. Hg). In four minutes the fetal pressure re- 
turned to 176 mm. Tyrode (12.9 mm. Hg) and in six minutes to 180 mm. Tyrode 
13.2 mm. Hg). 

In another experiment a 19} day fetus responded to 0.02 ce. (1:10,000) epineph- 
rine with a rise in pressure of 30 mm. Tyrode (2.2 mm. Hg). This fetus, 
whose normal blood pressure level was 172.0 mm. Tyrode (12.6 mm. Hg) had 
shown tachyphylaxis to renin thirty-five minutes previously and at the time of 
the epinephrine injection was maintaining a level of 100.0 mm. Tyrode (7.4 
mm. Hg) following an injection of 0.02 ce. renin to the mother. 

The results obtained in these experiments with renin, angiotonin and epineph- 
rine substantiate those of Clark (1932) with pitressin and epinephrine. We 
did not observe the small transitory rise in pressure which preceded the pro- 
nounced fall that is shown in his records probably because of the facet that we 
did not obtain continuous records of the fetal blood pressure. 


CONCLUSIONS 


1. Injection of an effective dose of renin into the blood stream of rats in late 
pregnancy does not affect the fetal blood pressure. Injection of even larger 
doses of renin, angiotonin and adrenaline into the maternal bloodstream cause 
a profound fall in fetal blood pressure. Recovery is slow and incomplete. 

2. Injections of renin, angiotonin and adrenaline into the fetal blood stream 
cause a pronounced rise in fet — blood pressure. 

3. With renin, tachyphylaxis was demonstrated in both mother and fetus 
independently but was not transferred from one to the other. 

1. Injections of renin and angiotonin large enough to raise the maternal blood 
pressure when injected directly into the maternal circulation, fail to do so if 
injected into the fetal circulation. 

5. The fetus is very much less responsive to renin, angiotonin and epinephrine 
than the mother. 

Discussion. It seems likely that renin is not a small enough particle to pass 
across the placenta. This might be expected from what is known of its molecu- 
lar size. If, however, renin activity is dependent upon the liberation of angio- 
tonin we must conclude that angiotonin also fails to pass the placenta, or if it 
passes at all that there is enough delay in its passage to prevent its accumulating 
in effective concentrations on the other side of the placenta. This is further 
supported by the experiments in which angiotonin was injected. 

These concepts must be kept in mind when attempting to attribute the alleged 
(Harrison, Grollman and Williams, 1940) antihypertensive effect of pregnancy 
to the activity of the fetal kidney. For it is diffieult to postulate a mechanism 
whereby the fetal kidney could take part in a compensatory adaptation to a 
substance whose effects do not appear to reach it. This work offers some sup 
port to the suggestion of Patton, Page and Ogden (1941) that the antihyper 
tensive effect of pregnancy in the rat is dependent rather upon the maternal 
changes of pregnancy than upon the fetus. 
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GEORGE W. STAVRAKY 


From the Department of Physiology, University of Western Ontaris 
London, Canada 


Received for publication June 4, 1942 


There are some indications in the literature that changes in pulmonary 
ventilation may modify the action of adrenaline. For instance, it has been 
established that the hyperglycemic effect of adrenaline may be decreased, or 
even reversed, by hyperventilation. The effect of adrenaline on blood pressure, 
under varied conditions of respiration, has received much less notice. Balint 
and Goldschmidt (1) have shown that in children hyperventilation greatly 
reduces the rise of blood pressure caused by the intravenous injection of 
adrenaline. This observation was, in the main, confirmed by Brehme and 
Popoviein (2). Duzdr and Fritz (3), however, who investigated the effect o! 
hyperventilation in cats, came to the opposite conclusion, namely, that it in 
creases the pressor action of adrenaline. The last mentioned authors hav: 
also noted that reduction of ventilation brings about diminution of the effect of 
adrenaline. 

The problem is of interest as, besides ordinary changes of respiration which 
occur throughout life, it is known that in cases of administration of adrenal 
extracts, or adrenaline, there occur marked reflex changes in respiration which, 
in turn, may modify the pressor action of these substances. 

Consequently, further investigation seemed warranted, and this paper pre- 
sents the results of a systematic study of the effects of variations in ventilation 
on the pressor action of adrenaline. 

Merruops. Spinal cats under artificial respiration were used. In the majorit) 
of the experiments, the Palmer pump was kept at a frequency of 20 to 40 strokes 
per minute, the variations in ventilation being controlled by the extent of the 
stroke. Occasionally, in order to produce maximal hyperventilation, both depth 
and frequency of the strokes were increased. 

Adrenaline hydrochloride (Parke, Davis & Co.) in a 1:20,000 solution was 
introduced into the femoral vein. The doses used were small (0.2 ec. per in- 


jection) so as not to cause a maximal rise of blood pressure. ‘The injections 
were given at regular intervals (Elliott’s technique (4) (5)). For reasons men- 
tioned in the text, two successive injections of adrenaline were given with an 
interval of 1 to 1} minutes between them; 10 to 15 minutes were allowed to 


elapse before the next two injections. 
Blood pressure records were made from the carotid or femoral artery. In 
experiments in which the blood gases were analyzed, 3 ce. samples of arterial 
! Withdrawn from publication on December 20, 1940 at the request of the Royal Canadiar 
Air Force Associate Committee on Aviation Medical Research, National Research ¢ 
f Canada, and released for publication by them on May 7, 1942 
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blood were withdrawn under paraffin 3 minutes after the second injection o/ 
adrenaline. The determination of the blood gases and of the haemoglobin 
content of the blood was made by the Van Slyke-Neill methods (6). 

Various conditions of ventilation are referred to in the text: thus ‘‘minima! 
ventilation” designates the least possible amount necessary to maintain an 
animal alive over a considerable period of time. Blood gases were: O2 content 
from 4.6 to 8.8 vol. per cent; CO, from 45.2 to 55.9 vol. per cent in different 
experiments. 

By true “hypoventilation” is meant a state of gradually progressing asphyxia- 
tion with a progressive fall of O, content of the blood and a rise of COs, resulting 
in convulsions and death of the animals. The term “optimal ventilation”’ is 
applied to a state of optimal aeration, the OQ». content of the blood reaching its 
highest level of from 13.4 vol. per cent to 14.5 vol. per cent, and the CO, varying 
from 35.2 to 42.6 vol. per cent. 

A further increase of aeration is referred to as “hyperventilation” of various 
degrees, characterized by constant values for the O, content of the blood (around 
14 vol. per cent), but progressive diminution of the COs. 

Resutts. The effect of changes in ventilation on the pressor action of adren- 
aline was observed in more than 30 experiments. Determination of the amounts 
of gases in the arterial blood, along with records of blood pressure and artificial 
respiration, was made in 8 experiments. A typical experiment of that kind is 
presented in table 1. 

From this experiment it may be deduced that, in order that adrenaline may 
exert its maximal effect, both O2 and CO. must be present in the blood in ap- 
propriate amounts. Within the range of “optimal ventilation,’’ during which 
the rises of blood pressure due to adrenaline were greatest, and the augmented 
effect of the second injection wes most pronounced (fig. 41), the O» of the blood 
remained at a constant level (around 14 vol. per cent), and the slight variations 
in the adrenaline effect were apparently caused by changes in the CO» content 
of the blood, which varied from 42.6 vol. per cent to 35.2 vol. per cent. 

In the case of ‘‘minimal ventilation,” two successive injections of adrenaline 
always evoked small and equal rises of blood pressure (fig. A2). The O, content 
of the blood, with this degree of ventilation, was low and ranged between 4.9 vol. 
per cent and 7.2 vol. per cent; in all the experiments performed similar results 
were obtained. The CO, content of the blood was high and showed considerable 
variation from animal to animal, ranging from 45.2 vol. per cent to 55.9 vol. 
per cent. 

‘“Hyperventilation’”’ also caused a decline in the effect of adrenaline, which 
became obvious when the CQ. content of the blood fell below 35 vol. per cent, 
the O» values remaining fairly constant—around 14 vol. per cent. As shown in 
the experiment presented in tabular form, when the CO, content of the blood 
dropped to 27 vol. per cent, convulsions occurred, and the effect of adrenaline 
applied after cessation of the convulsive seizure was greatly reduced (fig. A3). 
Resumption of optimal ventilation restored the efficacy of adrenaline coinci- 
dentally with the increase of CO, in the blood. 
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In many experiments the effeets of these variations of artificial respiration 
ould be repeated several times During the progress of an experiment. the 
memoglobin content of the blood often fell and the general condition of the 
nimal beeame poor towards the end 

If hyperventilation was continued over a prolonged period of time irreparable 
lamage occurred after which further changes of ventilation remained ineffective 

In figures B,C and D, a typieal result of such a prolonged hyperventilation 


is shown Complete ssation of the convulsions and permanent 


rABLE 1 
Blood qase riou ates o 

VWinimal ver ation et racing 12 
1? 
Range of ‘optimal ver ct racing fig. 11 - 
PA it ) 
ght hype effeet of adrenaline on blood ii.’ 

pressure is less pronounced than under optima 

ventilation 
Optimal ventilation’ repeated: tull efleet of adrena 0 14.3 () 

line restored 
V/ nimal ventilation” repeated IN 

Oplimal ventilation” rey ited el 

line restored 

Blood sample not taken 
7 Hyper entilation to conelusive level cef. tracing fig 24.0 

13) 

Opl mal entilation”’ repented full effeet ot rel 

line restored 

Blood not tuken 
pe menl Vovember 17 Two successive injections of 


verv lOmin. and artifieial respiration gradually adjusted to the desired | 


samples taken from: the enrotid artery 3.minwafter the 2nd of each 2 injections of 
the time when the effeet of ventilation on the netion of adrenaline w tv Ir 
Ings of the blood pressure changes are not presented for this experiment they. 


to the ones shown in fig. .4 


of all reflexes occurred after 23 minutes of hyperventilation. The coupled 
injections of adrenaline administered at that time produced equal, although 
greatly reduced, rises blood pressure (fig After hours’ rest, undes 
“optimal ventilation,” the injections of adrenaline were repeated. The rises of 


blood pressure were still slight, with little difference between the first and second 
injections, and readjustment of the artifielal respiration to the minimal and 
optimal levels had no effect (fig. 1C and 2) 

The loss of reflexes, whieh was noted after prolonged hi perve ntihation liv 


vested the possibilits that the varving effects of adrenaline might Some wa 
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be associated with the condition of the spinal centres. Destruetion of tl 
spinal cord by pithing, or disconnection of the spinal svmpathetie centres fron 


the periphery by means of bilateral removal of the svmpathetie chains wa 


hig. |. Expt. Nov. IS.) Spinal eat of variations in artificial respiration 
on the pressor action of 2 successive doses of 0.01 mgm. of adrenaline 1. Optimal ventila 
tion. 2. Minimal ventilation. 3. Hyperventilation to convulsive level 

Cand of prolonged hyperventilation: B-—After 23 minutes of hyperven 
tilation. and Optimal and minimal ventilation repeated after prolonged hypes 


ventilation had caused permanent disappearance of all reflexes effect of pithing of the 


spinal cord is identienl with these tracings obtained after hyperventilation ) 
Abbreviations: BoP Blood pressure Figures over the blood pressure tracings in 
dicate the height of same in millimeter of mereury.) O- Base line; each two dashes on it 


show the duration of the intravenous injeetion of 0.0L mgm. of adrenaline which was timed) 


tried The sensitivity. of the preparation to adrenaline decreased markedly 


after these procedures, and the rises of blood pressure caused by adrenaline 


remained unaltered by changes in the artificial respiration.  (Tracings not pre 
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sented, as they closely resemble the effect of prolonged hyperventilation shown 
in the figure.) Lowering of the systemic blood pressure to 35-40 mm. Hg by 
bleeding, adrenalectomy or histamine also decreased the sensitivity of the prepa- 
rations to adrenaline. However, changes in ventilation were still effective in 
these experiments, and only large doses of histamine decreased their etfective- 
ness. Reintroduction of citrated blood, in the case of bleeding, restored the full 
effect of adrenaline. 

Control experiments were performed in order to exclude the mechanical effects 
of readjusting the rate and volume of artificial respiration. The movements of 
the pump were kept unaltered, the “‘dead space”? being changed according to 
the technique of McDowell (7). The results of adrenaline injections in these 


experiments were similar to those obtained when the respiratory movements 


were modified. Controls were also carried out in which anesthetized animals 
were placed into a decompression chamber and the effectiveness of adrenaline 
studied under conditions of breathing in rarified atmospheres. The effect of 
adrenaline was maximal at ground level and decreased markedly between 10,000 
and 20,000 feet above sea level. Administration of oxygen promptly restored 
the effectiveness of the adrenaline. 

Discussion. It is evident from the above results that both hypo- and hyper- 
ventilation can decrease markedly the pressor action of adrenaline. As regards 
hypoventilation, this conclusion is in agreement with the observation of Duzar 
and Fritz (3). These investigators, however, were led to believe that hyper- 
ventilation increases the effectiveness of adrenaline, whereas the findings pre- 
sented here are in accord with the results of Balint and Goldschmidt (1) and 
Brehme and Popovicin (2), who hold that hyperventilation diminishes the 
action of adrenaline. It is difficult to account for this discrepancy. In the 
present investigation, only 2 out of 18 experiments involving hyperventilation 
showed that this type of ventilation exerted any beneficial effects on the action 
of adrenaline. In both these cases the animals were in poor condition, the cir- 
culation was failing and, consequently, the results could not be considered 
typical. On the other hand, Duzar and Fritz used doses of adrenaline ten times 
as large as those employed in the present study: thus the conditions in these 
two sets of experiments are hardly comparable. It seems likely that Duzsr 
and Fritz were dealing with maximal rises of blood pressure at the beginning. 
It is conceivable that, under such conditions, the level to which the blood pres- 
sure may rise under the influence of an excessive dose of adrenaline might be 
affected by hyperventilation in quite a different way. 

Balint and Goldschmidt, as well as Duzar and Fritz, contend that the effect 
produced on the pressor action of adrenaline by changes of ventilation is the 
result of the direct interaction between the altered milieu and that substance. 

In the course of this work it was found that loss of blood, histamine, 
adrenalectomy, pithing and removal of the sympathetic chains caused a marked 
diminution of the effectiveness of small doses of adrenaline, as well as changes 
in ventilation. A common feature in all these experiments is a decline of the 
arterial blood pressure, and it seems likely that a redistribution of blood in the 
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circulatory system, which results in a diminished venous return, and consequent 
reduction of the amount of blood in the arteries, is responsible for the decreas: 
of the effectiveness of adrenaline. The fact that introduction of blood, o 
tinger-Locke solution, into the femoral vein, restored the response of the prepa 
ration to adrenaline in many of the experiments, favors this supposition. 

Henderson (8) and Henderson and Harvey (9) claim, in relation to shock, that 
changes in the CO: content of the blood affect a venopressor mechanism, which 
controls the flow of venous blood. The effectiveness of adrenaline, in thos 
of our experiments which involved changes in ventilation, was closely associated 
with the level of the CO, and QO, in the blood, and it is possible that a phenome- 
non, related to the one suggested by Henderson, is responsible for variations 
in the action of adrenaline. 

However, as the destruction of the spinal cord and other procedures caused a 
drop in the sensitivity of the preparation to adrenaline, without any changes in 
the content of gases in the blood, other possibilities, particularly the ones sug- 
gested as factors in shock, should be kept in mind. A review of this subject has 
recently been made by Moon (10). Another important matter, which might 
have bearing on the problem, is the state of the vasomotor system in anoxia 
and asphyxia; this was fully discussed in a publication by Gellhorn and 
Lambert (11). 

One more point deserves mention, i.e., the result produced when one injection 
of adrenaline is followed by another at a short interval. In the case of optimal 
ventilation, the second injection of that substance always produces a greater 
rise of blood pressure than the first. That this is a true augmented effect may 
be judged from several experiments in which the fall of the blood pressure after 
the initial rise was so rapid that at the beginning of the second injection the 
blood pressure was at, or below, the resting level. This augmented effect may 
reasonably be attributed to raised excitability of the neuromuscular apparatus 
of the circulatory system, caused by the first dose of adrenaline. In conditions 
of reduced ventilation, this augmented effect might be counterbalanced by 
delaved recovery of the contractile elements from fatigue due to anoxemia, 
which would bring about an equalization of the two rises of blood pressure or 
overswing of the first. However, much more complicated relations may actually 
exist, and this explanation is merely offered tentatively. 


SUMMARY 


1. In spinal eats, variation in pulmonary ventilation alters markedly the 
pressor action of small doses of adrenaline. With both hypo- and hyperventila- 
tion, the rises of blood pressure induced by adrenaline are smaller than when 
ventilation is normal. 

2. Bleeding, histamine, adrenalectomy, damage of the spinal cord or bilateral 
removal of the svmpathetie chain result also in reduction of the sensitivity of 
the preparation to small doses of adrenaline. 


3. Prolonged hyperventilation or destruction of the spinal cord abolishes the 
effects of changes in ventilation on the action of the small doses of adrenaline. 
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‘Total insensible perspiration or insensible loss is the weight lost from the body 
by evaporation of water from the skin and the respiratory passages and by 
volatilization of carbon dioxide in excess of oxygen absorbed. Of the com- 
ponents which make up insensible perspiration, that contributed by water loss 
through the skin is perhaps least understood. Where does cutaneous insensible 
perspiration arise? Does sweat secretion participate in insensible perspiration; 
in other words, do the sweat glands secrete constantly, or only in emergency ? 
Aside from the sweat glands, opinions have differed as to the mode of transfer 
of water through the rest of the skin; transfer might be either secretory or 
evaporative. 

The experiments reported here were designed to determine whether secretion 
by sweat glands contributes to cutaneous insensible perspiration, and to evaluate 
physiological and environmental factors that have been supposed to affect 
cutaneous insensible perspiration. It was conceived that the cutaneous in- 
sensible loss might be related to only two variables, namely, cutaneous surface 
temperature and atmospheric vapor tension. 

Merruops. For the collection of moisture emanating from a local skin area, a 
capsule covering a small area, similar to the one described by Kuno (1927), was 
emploved. Skin temperature beneath the capsule was measured by a thermo- 
couple built into it. Dried and metered air was drawn through the capsule and 
then through a weighed flask that retained the moisture in concentrated sulfuric 
acid. 


\ bellows-type dry meter (fig. 1) indicated the volume flow of air to within 2 per cent. 
A and A! were 500 ml. drying bottles filled with pumice-stone saturated with sulfuric acid. 
B was a hemispherical glass capsule with a volume of approximately 60 ml. that covered 
an area of skin, S, of about 20 em?. Perforated glass bulbs, Y and X,, diffused and mixed 
the air as it flowed through the capsule. C and C! were copper and constantan wires passing 
to two thermojunctions for measuring the skin temperature and the air temperature be- 
neath the capsule. A D’Arsonval galvanometer measured the electromotive force between 
the thermojunctions and their mates at a known temperature in a thermos bottle. F and 
F! were 60 ml. Erlenmeyer flasks filled with pumice-stone saturated with sulfuric acid for 
collecting the moisture picked up from the skin beneath the capsule. Many such flasks 
were placed successively in the circuit for 10-minute intervals, each being weighed before 
and after \ water manometer, /, recorded the pressure; —20 mm. of water gave a flow of 
250 ml. of air per minute. ZL was a 20-liter carboy serving as an air reservoir to smooth out 
the rapid, short-period fluetuations in the suction from the negative pressure tap, so that 
a steady air flow was obtained. The air flow was varied by adjusting the tube F at any 


1 Aided by a grant from the Fluid Research Fund of this School. 
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desired level below the surface of the oil in bottle H. Steady rates of air flow between 10 
ind 1000 ml. per minute were thus obtained. For observations of insensible perspiration 
where the amount of moisture collected did not exceed 0.6 mgm. per minute the rate of air 
flow was adjusted to 100-150 ml. per minute; the air emerging from the capsule was then 
less than 20 per cent saturated with water vapor. To dry the rubber tubing a slow stream 
of dry air was kept flowing through the system over night before each test 

Tests with a second flask for absorbing moisture showed that no detectable amount of 
vapor (< 3 per cent, at the basal rate) escaped absorption by the first flask. The accuracy 
obtained by the present method appears to be equal to that reported by Neumann et al 
1941). A duplicate of the system shown in figure 1 made possible simultaneous measure- 
ments on two areas. 


Heavy dark stopcock grease sealed the capsule to the skin without pressing 
enough to blanch it, and spread outward for approximately 2 em. The grease 
prevented evaporation from the small area it covered around the capsule, making 
possible the visual detection of even very small droplets of sweat at the pores 


Fig. 1. Diagram of apparatus for measurements of rate of local cutaneous perspiration 
and of surface temperature. See text for explanation. 


under it. The sensitivity of this test of sweat gland activity will be indicated 
later. 

The subjects, clothed only in shorts, reclined on a bed. The room tempera- 
ture was 28°C. + 1°C., except where the procedure of the experiment called for 
alterations in the room temperature. A period of one-half to one hour on the 
bed was allowed before observations were begun. 

Inhibition of the sweat glands and its consequences. Do sweat glands contribute 
to the evaporation observed on normal body areas under the conditions pre- 
scribed above? The plan was to determine simultaneously the rates of evapora- 
tion on two symmetrical body areas, then to disable the sweat glands on one of 
these areas, and to compare the rates of evaporation on the two areas before and 
after the one was disabled. 

To ineapacitate the sweat glands, the formaldehyde procedure described by 
Ichihashi (1936) and Kuno and Ichihashi (1937) was used. A 45 sq. em. circular 
piece of blotting paper saturated with 5 per cent formaldehyde was placed on the 
area selected, and covered with a copper anode of similar shape and size. An 
indifferent cathode was put elsewhere on the body and a direct current of ap- 
proximately 0.3 milliampere per em.? of anode flowed for 16 to 15 minutes. This 
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procedure, when repeated three times at intervals of 2 or 3 days, completely i: 
capacitated the sweat glands on the cataphorized area for a period of 2 to 4 wee} 
Ichihashi (1936) and Abramson and Gorin (1940) showed that the sweat glan 
were probably the chief paths of the cataphoretic current. 

Proof of the disability of the sweat glands in treated areas is furnished 
figures 2and 3. The subject was made to sweat profusely on the general bod 
surface by radiations from a 630-watt electric heater mounted in an ordina: 
copper parabolic reflector suspended 125 cm. above his bed. Previous to t 
cataphoresis this treatment produced profuse sweating on both legs, where 
after cataphoresis the treated area of the right leg showed no sweat glan 
activity with the same stimulus, for no sweat droplets could be seen beneath t! 


grease surrounding the capsule and no significant increase in the amount o! 
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Fig. 2. Responses of skin cataphorized with formaldehyde and of normal skin | 
irect radiant heat. The right leg was cataphorized for 10 minutes each day on Octot 
I 


30, November 2, 4, and 6 with 5 per cent formaldehyde beneath the anode at 0.3 milliam 


pe rsq em 


evaporation from the cataphorized area occurred (fig. 3). The small increasé 


in moisture collected from the cataphorized area during the heating shown in 
figure 2 results from the increase in skin temperature. This will be discuss 
below. 

Since the rate of insensible perspiration on the cataphorized area, previous to 
heating, is no less in general than the rate on the symmetrical non-cataphorized 
area, it appears that, in the pre-heating stage, activities of sweat glands wer 
contributing nothing to the moisture evaporated from the normal area. 

Cataphoresis was carried out in a similar manner on four other subjects and 
in no instance was insensible perspiration from a cataphorized area significantly 
decreased thereafter. This was true on arm and chest areas as well as on the 
legs. While on five of the seven areas cataphorized the rate of insensible per- 


spiration was not significantly altered by the cataphoresis, on two areas where 
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the cataphoresis was applied more intensely, 7.e., by longer applications 
shorter intervals, the basal rate of insensible perspiration increased 2 to 3 fo! 
ifter the treatment although the sweat glands had been definitely disabled 
[hese areas appeared scaly, dry, and irritated, and showed signs of desquamation 
of the epidermis, in contrast to the less intensely cataphorized areas which ap 
peared like normal skin. The augmented rates of insensible perspiration noted 
on the scaly areas may possibly be due to the greater ease with which water vapor 
might escape through the injured skin, or to some increase in activity taking 
place in replacing the desquamating epidermis. Its temperature did not differ 
from that of the symmetrical area. Whatever be the cause of this increase in 
evaporation, the increment of insensible water loss with change of surface tem- 


perature on this area is the same as that upon normal areas of skin. 
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The relatio of skin te mperature to cutaneous inse nsrble pe rsprration. With 
the sweat glands disabled by cataphoresis as described above, it is possible ti 
study the insensible perspiration over a wide range of skin temperatures without 
fear of sweat secretion complicating the results obtained. The disability i 
particularl, useful at skin temperatures above i On where sweating almost al 
wavs interferes with measurement of insensible perspiration on normal skin areas 

Skin temperatures were raised by direct radiation of the areas with the electrie 
heater. The thermocouple which measured temperature beneath the capsule 
was shielded from direct radiation from the heater by the opaque mountings 
which held the thermocouple in the capsule. The changes produced by this 
procedure are exemplified in figure 2. Skin temperatures in other tests were 
lowered by exposing the subject to a cold room temperature 

Figure 4 shows the results obtained in a series of experiments in each of two 


subjects, simultaneous measurements being made on the normal and on the 
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Fig. 4. Relationship between insensible perspiration and surface temperature. Solid 
dots, cataphorized skin area where sweat glands were disabled. Circles, normal skinarea 
without visible sweating. Squares enclosing circles, normal skin area, but during col- 
ection active sweat glands were noted. 


cataphorized areas. In the latter the rate of insensible perspiration increased 
with increase in skin temperature from 25° to 39°C. The increment is such that 
the insensible perspiration rate is approximately doubled by a 10°C. increase of 
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skin temperature. The same increment prevailed in normal skin areas, except 
that when a surface temperature of 34° to 36°C. was reached the sweat glands 
became active, enormously increasing the rate of evaporation by their secretions. 

The sensitivity of the test used (grease over skin) for detection of sweat gland 
activity 1s indicated by the plotted data (fig. 4) which show what exceedingly 
small increments in evaporation rate could be attributed to sweat secretion as 
judged by the method used for its detection. In general a rate of sweating ca 
pable of increasing the evaporation only 0.02 mgm. per cm.? per minute could be 
detected by the droplets of sweat forming beneath the grease outside the capsule 
within the 10-minute period of collection. 

The fact that the scatter of points (open circles) about the curve for the mean 
insensible perspiration on the normal area is not much greater than the scatter 
about the mean on the cataphorized area, and the fact that the two mean curves 
are quite similar, support the inference that sweat glands on the normal area, as 
on the cataphorized area, contribute nothing to the evaporation under normal 
conditions, and wherever the perspiration appears to be insensible as judged by 
the test used. 

It has been noted that in spite of a marked difference in rates of evaporation 
on cataphorized areas and on normal areas during radiation, there is little dit- 
ference between the surface temperatures on such areas. This is true whether 
the areas are being radiated directly (fig. 2) or the radiation is directed at some 
other body area (fig. 3). It might have been expected that an area on which 
sweating was inhibited would show a somewhat higher temperature than a 
similar normal area which was being cooled as a result of evaporation of sweat 
in more or less profuse quantities. Evidently a differential transport of heat by 
the blood compensates for the differences of cooling by evaporation. 

The relation of peripheral blood flow to cutaneous insensible perspiration. —Al- 
terations in peripheral blood flow were induced by subcutaneous injection of 
drugs, histamine for vasodilatation and pituitrin for vasoconstriction, a few 
centimeters distal to the capsules from which collections were being made. No 
significant change in the rate of insensible perspiration followed, although altera- 
tions in skin temperatures, sometimes as great as 0.8°C., indicated that the 
desired variations in peripheral blood flow were being obtained. Figure 5 is 
typical of the responses to histamine injection. In some cases the pain incident 
to the injection resulted in an outbreak of sweat secretion on the non-cata 
phorized area and a consequent transient increase in evaporation from that area. 

Blood flow was mechanically obstructed either partially or completely in the 
arm, by pressure applied in a sphygmomanometer cuff around it (fig. 6). Com 
plete occlusion was produced either by increasing the pressure slowly, in which 
case the arm was engorged with blood, or by introducing air suddenly into the 
occluding cuff, in which case the arm contained approximately the usual amount 
of blood. Partial obstruction resulted when the pressure in the euff was raised 
only to a point below systolic arterial pressure so that some blood still flowed 
into the arm. In eleven experiments on four subjects the rate of insensible 
perspiration from an arm was not significantly altered either during or after 20 
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minutes of partial or complete occlusion. In one experiment where slight 
sweating prevailed previous to the occlusion it was noted that the sweating 
stopped when the blood flow through the arm was halted. A normal rate o 
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Fig. 5. Responses of surface temperature and of cutaneous insensible perspiration to 
local injections. One milliliter of 0.8 per cent sodium chloride solution was injected 
subcutaneously in upper left arm at the first arrow. Four tenths milliliter of 1:1000 hista 
mine chloride solution was injected subcutaneously in each arm approximately 2 em. dist 
to each capsule at the second arrow The flare resulting from the injec tion spread beneatl 
capsule 

Fig. 6. Responses of skin temperature and of cutaneous insensible perspiration to partial 
and complete occlusion. The 89 mm. of mercury pressure did not completely obliterate the 
pulse at the wrist; the 146 mm. Hg pressure obliterated the pulse 

Fig. 7. Response of cutaneous insensible perspiration to altered rate of air flow through 
the capsule covering a portion of skin. The geometrical areas designated A, B and C are 
used in calculations made in table 3 

Fig. 8. Effeet of interrupting air flow through the capsule upon cutaneous insensible 
perspiration. The double arrow designates the 30-minute period during which the air 
flow was stopped in the capsule on the left arm. The average rate of cutaneous insensible 
loss for the 40-minute period is also shown (hatched). This area is constructed to equal 


the stippled area. 


insensible perspiration was maintained during and after the occlusion. In two 
experiments the pain attending readmittance of the blood into the oecluded 
arm was accompanied by the appearance of visible perspiration on the whole 
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dy, with consequent increased evaporation tron 
he arm. When the occluding pressure was relea 
to 2 minutes, much of the pain encountered d 


ood flow was avoided. 
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Column 6 shows the vapor pressure difference existing between body fluids at the 1 

orded skin temperature and air emerging from the capsule. 

Column 7 shows the per cent diminution in the cutaneous insensible perspiration rate 
during the last 10-minute period of the diminished air flow, considering the insensible 
perspiration rate at 110 ml./min. flow to be 100 per cent 

Column 8 shows the diminution in the amount of cutaneous insensible perspiration 
collected from a 16 cm.2 area of the skin as a result of the period of diminished an 
* The letters in parenthesis at the head of columns 8 and 9 refer to areas designated 


figure 7. 


The r¢ lation of vapor nsion to cutaneous inse nsible pers piration, hat, 
4 


has the vapor tension of the air over a local skin area on the insensible perspira 


tion rate from that area? In so far as insensible perspiration may be a physical 
process of diffusion of water vapor through the skin, an increase in vapor tension 
in the outside air might be expected to slow the rate of transfer of water through 
the skin. 

In the experiments reported here the rate of flow of dry air through the capsule 


was varied, so that the vapor tension of the air in the capsule and emerging trom 


ovr 
ne the readmittance ol the 
TABLE 1 
n PER 
ROOM RAT DURATIO} 
: DIFFLREN PER Per cent 
Mg Bye 
A — 
( 
ml./min, min. mm. H 
| A. B. 9/7/38 24 110 30 32.2 
15 60 28.3 bad 
110 2.2 
A.B 9/8/38 24 110 30 B34 
3S 60 286 14% 1.9 1] 
110 30) 33.4 
A.B 9/9, 3S 24 110 10 32.3 
60 26.0 2.2 
110 30 3 
i. B 9/3/38 24 110 30 31.6 
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the capsule was altered in accordance with the rate of air flow and the amount 


of moisture picked up in the capsule. Sometimes the air flow was stopped for 
a time. Since in these tests the effect of change of vapor tension cannot be 


divorced from the effect of change in the rate of air flow, both must be considered 
in any conclusions that are drawn with regard to alterations in insensible pe: 
spiration. 

Figure 7 exemplifies the results obtained when the rate of dry air flow through 
the capsule was decreased and later restored to the original rate. A decrease i: 
the rate of air flow reduced the apparent rate of insensible perspiration. This 
reduction was most marked during the first period of the decreased flow, and 
although the insensible perspiration increased in subsequent periods of the con 
tinuing slow air flow, it never quite reached the level attained with the more 
rapid flow. When the air flow was restored to its initial rate a washing out of 
moisture seemed to occur. Calculations reveal that all of the moisture washed 
out could not have come from stagnant air in the capsule, and hence some 
emerged from the skin. Possibly the water level in the skin moved nearer to 
the surface during the periods of reduced air flow and then receded to its initial 
level upon restoration of the initial air flow. The total excess of moisture re- 
moved upon restoration of the initial rate of air flow was not sufficient to account 
for all the deficit noted during the periods of reduced air flow (table 1). This 
means that the rate of insensible perspiration was reduced by the slower rate of 
air flow and the higher vapor tension accompanying it. 

The effects obtained by stopping the air flow for a time may be seen in figure 

The amount of moisture washed out upon resumption of air flow is less than 
the amount which would have come out during the whole period had the air flow 
not been changed (3 expts.). While it is clear that insensible perspiration is 
decreased by a higher exterior vapor tension, the data can hardly be relied on to 
indicate the quantitative extent of the decrease. 

Discussion. Experiments of Kuno and Ichihashi (1937) support the evidenc« 
presented here that areas of the skin subjected to repetitive cataphoresis with 
formaldehyde suffer, for several weeks, complete suppression of sweat secretion 
in response to heat. That the insensible perspiration is not diminished by this 
suppression of sweat secretion is clearly indicated by our data; and together the 
facts seem to justify the inference that no part of the insensible perspiration of 
normal skin is secreted by sweat glands. Among the modes by which water goes 
through the skin, fluid might move from the interstitial spaces into the sweat 
ducts and thus pass through the epidermis by way of the sweat ducts. This 
possibility seems unlikely in view of our failure to detect any fluid at the sweat 
pores during insensible perspiration with the method used, although the method 
was sufficiently delicate to detect droplets at the pores within 10 minutes when 
sweating was so slight as to increase the evaporation rate only 0.02 mgm. per sq. 
em. per minute. Detection of such fluid at the pores seems assured, if it were 
present, for none evaporates under the grease and consequently it accumulates 
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over a period of 1 to 2 hours. That sweat glands and sweat ducts are not essen- 
tial to insensible perspiration has also beea demonstrated by Loewy and Wechsel- 
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mann (1911) and Richardson (1926) who found that the normal rate of cutaneous 
insensible perspiration prevailed in three persons suffering from congenital ab- 
sence of sweat glands. 

That the rate of cutaneous insensible perspiration is conditioned by the 
temperature of the skin has been inferred by many investigators.” Hrismann 

1875) studied evaporation through dead skin covering water or serum. He 
found the rate of evaporation to be approximately doubled with a temperature 
increase of 10°C. This is comparable to the results obtained with normal skin 
in our experiments. It was Loewy and Wechselmann’s opinion that the insensi- 
ble perspiration was proportional to changes in skin temperature resulting from 
any cause, and that the reduced evaporation rates which they found on venous 
obstruction and occlusion could be attributed to lowered skin temperatures. 
Jores (1930) and others conclude that circulatory variations have no influence 
on insensible perspiration. Some observers, as Kuno, have noted reductions in 
rates of evaporation after obstruction of the blood flow which were believed to 
be too great to be accounted for by the change of skin temperature recorded, 
No alteration in insensible perspiration occurred in the present tests, during 
occlusion or other alteration of blood flow, which cannot easily be explained by 
skin temperature changes. However, it was noted that if slight sweating is 
prevalent on an arm previous to occlusion, the occlusion will stop the sweating 
on that arm and the evaporation rate will be reduced considerably thereby. 
Such a change obviously cannot be considered as a change in insensible perspira- 
tion, and without a test for sweating, the sweat would not be detected. It is 
concluded, therefore, that circulatory changes of the sorts observed have no in- 
fluence on insensible perspiration except in so far as they may alter the skin 
temperature. The relatively large alterations in cutaneous perspiration noted 
by some workers during and after occlusion may be attributed to alterations in 
sensible perspiration. 

Two possibilities which would account for the relation noted between skin 
temperature and cutaneous insensible loss may be postulated. One is that the 
cutaneous insensible perspiration may be due to some reaction which liberates 
water near the skin surface, and the other is that the loss of water may result 
from a process of osmosis or of diffusion through the skin. It is well known that 
many reactions follow van’t Hoff’s law over certain temperature ranges, doubling 
or trebling their rate with each 10°C. temperature rise; such a reaction would 
explain the relation noted. On the other hand, a process of diffusion dependent 
on the vapor tension difference between the inside and outside of the skin might 
equally well fit the relation noted. The vapor tension of the body fluids at 26°C. 
is approximately 24 mm. Hg, while the vapor tension of the air emerging from 
the capsule at the rate of flow used in the experiments was approximately 2 mm. 
Hg. This gives a vapor pressure difference of 22 mm. Hg at a skin temperature 
of 26°C. At askin temperature of 36°C. the vapor pressure difference between 
inside and outside is approximately 41 mm. Hg. Thus, the Vapor pressure dif- 
ferences which prevailed over the range studied are sufficient to account for the 
relation noted between cutaneous insensible perspiration and skin temperature. 
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If insensible perspiration arises by a process of diffusion of water vapor throug 
the skin, it could be altered by these variations in vapor tension on the exteri 
of the skin. Presumably a high vapor tension on the exterior would reduce t! 
difference of tension between the inside and the outside of the epidermis, reducin, 
the rate of transfer of water vapor from inside to outside proportionally. If th 
mechanism is secretory, however, minor alterations in the vapor tension of th 
outside air might be expected to produce little, if any, effeet upon the cutaneou 
insensible perspiration rate. Actually a decreased ventilation rate through th: 
capsule and the consequent increased vapor tension over the skin resulted in 
diminution of the insensible perspiration rate. 

Many investigators have studied the relation of total insensible perspiration 
to environmental humidity, while comparatively few have attempted to relate 
cutaneous insensible perspiration to humidity changes. These latter observers 
obtained increases in the cutaneous insensible perspiration of man on lowering 
the humidity (Erismann, Vasti). When loss through the skin compensates for 
changes of loss through the lungs, it is possible that temperature of the skin also 
changes (Adachi and Ito). 

Whitehouse, Hancock and Haldane (1932) and Trolle (1937) studied the 
relation of vapor tension difference to exchange of liquid water through the skin. 
They submerged their subjects, except for the head, in water baths of various 
salt concentrations. They found that a subject in distilled water at 33° to 34°C, 
loses no water through the skin or may even gain some. As the salt content of 
the bath is increased the cutaneous water loss becomes greater until it approaches 
the rate of insensible perspiration in air. These data indicate that the rate of 
transfer of liquid water as well as of aqueous vapor through the skin is dependent 
on a gradient in vapor tension. 

The author acknowledges the suggestions of Dr. E. F. Adolph and Dr. 8. W. 
Clausen in this investigation. 


SUMMARY 


tepeated anodal cataphoresis of formaldehyde into a local area of skin renders 
the sweat glands in that area non-responsive to heat stimuli for periods of 2 to 
ft weeks. Sweating as such can be detected within ten minutes of its initiation, 
when the sweating is sufficient to increase the evaporation rate only 0.02 mgm. 
per sq. em. per minute. When sweat glands are inactivated, liquid water does 
not come to the skin surface. 

Cutaneous insensible perspiration approximately doubles in rate with a skin 
temperature increase of 10°C. 

The rate of blood flow through the skin appears to have no effect on the cutane- 
ous insensible perspiration rate, except as it alters the skin temperature. 

An increased vapor tension over the skin, effected by decreasing the rate of air 
flow over the surface, decreases the rate of cutaneous insensible perspiration. 

A process of diffusion of water vapor through cornified layers of epidermis is 
probably responsible for cutaneous insensible perspiration. 
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In recent years the biological importance of molybdenum, particularly with 
reference to the nutrition of lower plant forms, has been recognized. Stein 
berg (1) found molybdenum essential for the growth and sporulation of A spergil 
lus niger. Bortels (2) found that sand cultures of peas, soy beans and red 
clover showed an increase in nitrogen fixation and growth with carefully regu 
lated additions of molybdenum and vanadium compounds. 

Further advance in the study of the importance of molybdenum in highe: 
plants has been the result of the work of Arnon and Stout (3), who have found 
that molybdenum, in minute amounts, improved the growth of barley plants 
ina culture solution supplied with ammonium salts as the sole source of nitrogen. 
They also found that a group of heavy metals including molybdenum increased 
the growth of lettuce and asparagus. The work of these authors showed the 
essential character of molybdenum in the nutrition of tomato plants and the 
ability to prevent the deficiency symptoms described in their paper. 

Of interest also is the wide distribution of molybdenum in biological materials. 
Ter Meulen (4) by means of a colorimetric method found large quantities of 
molybdenum in the liver of the ox and pig (1.5 mgm. per kgm. of liver), but found 
smaller amounts in such materials as blood, bile, milk, eggs and certain other 
tissues. These contained 0.03 to 0.14 mgm. per kilo. The paper of Ter Meulen 
does not state whether the determinations are on a dry or wet basis. Drea (5) 
by the use of the spectrographie method detected molybdenum in cow’s milk. 
Later Drea (6) demonstrated the presence of molybdenum in eggs, brain, eves, 
gizzard, kidney and the liver of hens. 

As far as,we are aware there is no record in the literature of an attempt to 
determine whether or not molybdenum is an essential nutrient for animals. 
Since, as described in the above paragraphs, this element is required by some 
lower forms and also by some higher forms of plants for normal growth and 
development, we thought it worth while to investigate its bearing on the nutri- 
tion of the rat. Our results on this problem are recorded in this paper. 

ISXPERIMENTAL. Marmoy (7) has described a method for molybdenum deter- 
mination involving the extraction of the orange thiocyanate complex with 
ether, and using the optimum conditions for color development as suggested 
by Hurd and Allen (8). We have applied this procedure to the determination of 
molybdenum in biological materials. The ashing conditions and the color com- 

1 Published with the approval of the Director of the Wisconsin Agricultural Experi- 


ment Station. Supported in part by a grant from the Wisconsin Alumni Research 
Foundation. 
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parisons which were used were essentially the same as those described by Mar- 
moy with the exception that the color was measured in an Evelyn colorimeter 
making use of a special 470 muy filter constructed by the Rubicon company. 


TABLE 1 


Volybdenum content of whole rats, cow’s milk and goat’s mill 


IGHT 


AMMA M 
SKIN 
REMOVED 
Whole rats on goat’s milk 
| cm 
t weeks on goat’s milk—previously on stock diet 148 12 SI] 
7 weeks on goat’s milk—started on milk at age of 21 days 125 10 52 
5 weeks on goat’s milk—started on milk at age of 14 days ; 14 7 56 
1 | Whole rats on goat’s milk plus 30 gamma of Mo. per day 
Fed Mo since 21 days old ...... 80 | 125 
Fed Mo since 21 days old .... 70 7 107 
Fed Mo since 21 days old ...... 70 7 106 
Fed Mo for 3 days previous to analysis 36 5 117 
Average 114 
(10) MICROGRAMS MO PER 
LITER OF MILk 
Cow’s milk 1 $1 
2 10) 
3 5S 
} 
5 56 
Average 47.5 


Goat’s milk 


W to 
te 


te 


to 


Average... 13.5 


The ether extraction of the colored complex was carried out 5 minutes after 
the development of the color. 

The standard curve obtained by plotting the log values (densities) of the 
colorimeter readings against the corresponding known quantities of molybdenum 
approximated a straight line. 

Molybdenum analysis. Drea (9) failed to detect molybdenum in goat’s milk 
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by using a spectrographic procedure. However, he was able to demonstr: 


the presence of this element in cow’s milk. The above fact led us to assm 


TABLE 2 


} 


G h of rat na basal diet of 


as Sodium Volybdate 


Average.... 26 


Plus 30 gamma of molybdenum per 75 ce. of drinking 24 
water* 30 


Average.... 26 


Basal 21 


Average.... 


Plus 30 gamma of molybdenum per 75 cc. of drinking 21.: 
water 26.: 


Average.... 23 


* Rats in these groups were obtained from Sprague-Dawley. 


the stock colony of this laboratory. 


mineralized goat’s milk with an 


4 


20.5 


Other animals were from 


that goat’s milk might be low enough in molybdenum to warrant its use in the 


study of this problem. 


A series of molybdenum determinations on cow’s milk as well as goat’s milk 


MALES MALES 
GRAMS PER WEEK, RAMS PER WEE} ; 
WEEK PERIOD VEEK PERIOD 
Basal* 25 23 
26.6 19 
95.3 19.6 
17 
} 
21 20 
26 23 
26.5 
\ 
20 
20 ( 
5 
» 
26.5 
19 
94 
2} 
99 
29 
29 
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is made. The results of these analyses are given in table 1. The analysis ot 

e two types of milk showed that, although molybdenum was contained in each, 

voat’s milk contained about one-third as much of this element as did cow’ 

milk. The average value obtained for goat’s milk was 13.5 micrograms pe1 

ter. The value for cow’s milk was 48 micrograms per liter. 

Results of the molybdenum content of whole rats (wet basis) are recorded it 

ble 1. Three of the rats analyzed weighed 150 grams and had been on a diet 
of goat’s milk plus 30 micrograms of molybdenum per day since weaning 


period of six weeks). Another rat of the same weight had received the sam 
liet, but the molybdenum was ted for only 3 days (just before analvsis). An 
other group of rats had been on a diet of goat’s milk only. Two of these wer: 


taken at the age of 21 days from mothers that had been on goat’s milk since the 
voung were 14 days old. These rats were kept on the milk diet for six weeks 
after weaning before they were analyzed for molybdenum. Another rat whic! 
had been on the stock ration for 5 or 6 weeks was placed on goat’s milk alone: 
for 4 weeks before analysis. In the analysis of the whole rat the G. I. tract 
and the skin of each animal had been removed. 

Molybdenum in the nutrition of the rat. Six litters of rats at the age of 2 weeks 
were placed with their mothers in zine cages. The mother rats were kept on 
eoat’s milk to reduce the store of molybdenum in the young. The milk was 
mineralized with iron, copper and manganese. Each animal was given daily 
500 y of Fe, 50 y of Cu and 50 y of Mn. After weaning, the voung were started 
ona basal ration of mineralized whole goat’s milk with and without the addition 
of molybdenum. All animals received 2 drops of haliver oil each week. The 
milk used in this experiment was received in porcelain pails. The growth rate 
of these rats is shown in table 2. 

Assuming a daily intake for a growing rat? to be 40 cc. of milk, the animals 
received 0.5 to 0.6 microgram of molybdenum per day through their ration of 
milk. The rats, which were receiving molybdenum as sodium molybdate in 
their drinking water, showed no better growth rate than the rats on the low 
molybdenum ration. 

Discussion. The molybdenum content of whole rats was found to be low 
when fed goat’s milk alone, while it increased somewhat when the milk was 
supplemented with molybdenum. The body increase, however, was relatively 
low indicating either a very rapid excretion or low absorption of this element 
Since rats, which had been on a dry stock ration, still contained 81 micrograms 
of molybdenum per kilo of fresh weight after a period of 4 weeks on goat’s 
milk, it may be concluded that the small increase in molybdenum content 
when this element was added to the milk diet was due to poor absorption ol 
molybdenum. 

The values which we obtained for the molybdenum content of goat’s milk 
were not in quantitative agreement with Drea’s negative values. The fact that 
the molybdenum content of this product is low might explain the negative 
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? Growth records were taken for a period of 6 weeks after weaning rhe weight of each 
t 
rat at weaning was about 30 grams 
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results obtained by the above author, who used a spectrographic method 
analysis. 

Weanling rats placed on a mineralized goat’s milk ration showed comparal)| 
growth to litter mates receiving added molybdenum as sodium molybdate. 

About 0.5 microgram of molybdenum per day was taken in by a growing rat 
on a basal ration of goat’s milk mineralized with copper, iron, and manganes: 
Since supplementing this ration with molybdenum did not accelerate the growt}, 
rate, it can be concluded that if molybdenum is needed by the growing rat, the: 
0.5 microgram per day satisfies this requirement. 


SUMMARY 


1. A colorimetric method for the determination of molybdenum in biological] 


materials has been described. Use of the Evelyn colorimeter was made with 
the aid of a special filter. 

2. Cow’s milk contained about 3 times as much molybdenum as goat’s milk. 

3. Molybdenum fed as sodium molybdate was very poorly absorbed by the rat 

4. The addition of molybdenum to goat’s milk did not produce increased 
growth. <A daily intake of 40 cc. of this milk (the usual amount required) con 
tained approximately 0.5 microgram of molybdenum. It can be concluded 
that if molybdenum is needed by the growing rat then this amount of molyb- 
denum per day satisfies its requirement. 
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The present study deals with the effect of the anticoagulant? 3.3’-methyl 
enebis(4-hydroxycoumarin) (1) on the prothrombin activity of rat plasma during 
pregnancy and lactation. It has been reported that the prothrombin activity 
of plasma is usually increased during the later stages of pregnaney (2-5) but 
similar increases have not been recorded for the period of lactation. However, 
it now appears that one of the differences between the lactating and the non- 
lactating rat is that the former possesses a particularly efficient mechanism for 
counteracting influences which tend to lower prothrombin activity. 

Mertuops. The basic procedure was essentially that emploved previously 
6). Adult rats 150 grams in weight or over were fed an artificial diet of the 
following composition: casein 18, veast 8, salts (Wesson) 4, cod liver oil 2, and 
dextrin 68. A hypoprothrombinemia was induced as follows: the rats were 
starved for 12 hours and then fed 2.5 mgm. of the anticoagulant 3 ,3’-methy] 
enebis(4-hydroxycoumarin) incorporated into 2 grams of the ration which was 
consumed within 30 minutes. Four hours later the ration itself was fed ad 


libitum, and 24 hours after the ingestion of the anticoagulant, blood samples 


were taken by heart puncture. The prothrombin time of 12.5 per cent plasma 
was determined: by a standard procedure (7). 

The extent of the hypoprothrombinemia induced was determined in 60 rats 
in various stages of pregnancy and lactation and in the same animals after 
lactation had ceased. Included were 14 rats whose period of lactation was 
extended artificially for periods up to 180 days. Numerous non-lactating rats 
of both sexes served as controls. Since an interval of one week was allowed 
between heart punctures in any one animal, the number of determinations made 
during a normal period of pregnancy and lactation seldom exceeded five. The 
procedure was sufficiently mild for the young to be born and raised without 
visible abnormality. Pregnancy was determined by routine examination of 
the vaginal smears. 

EXPERIMENTAL. Prothrombin time in pregnancy and lactation. The pro 
thrombin time of 12.5 per cent plasma from non-pregnant rats on the artificial 
ration ranges from 36 to 45 seconds, average 40 (6) and this range was also 

1 Published with the approval of the Director of the Wisconsin Agricultural Experiment 
Station. 


2 The term anticoagulant is used in the general sense that 3,3’-methylenebis(4-hvdroxy 
coumarin) is an agent, which after action in vivo, impairs or prevents the coagulation of 


blood. It does not affect clotting power when added to blood or plasma in vitro (7) p. 12 
We are indebted to Prof. Kk. P. Link for the 3,3’-methylenebis(4-hydroxycoumarin) used 
in these investigations. 
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observed during lactation and during the first two weeks of pregnancy. How 
ever, during the last week of pregnancy the prothrombin time ranged from 27 
to 39 seconds, average 32. While the difference in averages appears small, it 
probably represents a very considerable increase in prothrombin activity, sinc 
the relation between the prothrombin clotting time of plasma and prothrombi: 
concentration is not linear, and over this particular range relatively small varia 
tions in clotting time are indicative of large changes in the concentration of 
prothrombin (7). In humans an increase in prothrombin activity at the end 
of pregnancy appears to be well established (2-5). 

Induced hypoprothrombinemia. The ingestion of 3,3’-methylenebis(4-hy 
droxycoumarin) by the non-pregnant non-lactating rat results in a marked hypo- 
prothrombinemia: 2.5 mgm. of the anticoagulant increased the prothrombin 


time of 12.5 per cent plasma from the normal value of 40 seconds to an average 


TABLE 1 
The effect of pregnancy and lactation on the hypoprothrombinemia induced in rats fed 2.5 mgm 
of 3,3’-methylenebis(4-hydroxycoumarin 


(Prothrombin clotting time of 12.5 per cent plasma 


PR( 3 I 
NO. OF DETERMINATIONS THROMBIN TIME, 


Lactating 4th-Sth week.... 35 58 
Lactating 14th-25th week.... 8 61 
Post-lactating... 26 111 


AVERAGE -+ S.D. 

Non-pregnant....... 130 112 + 18 
Pregnant first 2 weeks... 14 90 + 23 
Pregnant third week... 13 81+ 18 
Lactating first week.. 13 66 + 18 
Lactating second week....... oe 13 59 + 10 
Lactating third week.. “4 15 534 8 

= 


S.D. = standard deviation. 


of 112 (table 1), an increase of 72 seconds. When this amount of anticoagulant 
was fed to rats during the last week of pregnancy, the prothrombin time ranged 
from 56 to 107, average 81 seconds (table 1), an increase of 49 seconds. This 
relative mildness of the induced hypoprothrombinemia might have been an 
expression of the high prothrombin activity of the plasma before the anti- 
coagulant was administered. 

The lactating rat, however, exhibited a resistance to the anticoagulant which 
could not be attributed to a high initial prothrombin activity. Thus, when 
2.5 mgm. of anticoagulant were fed during the third week of lactation, the pro- 
thrombin time of 12.5 per cent plasma increased to only 53 seconds in lactating 
rats as compared to an average of 112 seconds in those not lactating. Since, 
in the absence of anticoagulant, the prothrombin times of both groups averaged 
10 seconds, 36-45, this indicated an increase in the lactating animals of only 
13/72, or 18 per cent of the normal increase in seconds. A marked resistance 
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f lactating rats was observed at all levels of anticoagulant fed, although varia- 
tions within groups were fairly wide (table 2 

The lactating rats appeared to have a high capacity to recover from incipient 
hypoprothrombinemia. During the first 12 hours after the ingestion of 2.5 mgm. 
of anticoagulant there was a definite increase in the prothrombin times, which 
averaged 61 seconds in § lactating rats as compared to 75 seconds in 22 non 
lactating eontrols (6). During the second 12-hour period, however, the dif- 
erence between lactating and non-lactating animals became very evident. In 
the lactating rats the average prothrombin time decreased from 61 seconds to 


58 seconds: in the non-lactating rats it increased from 75 seconds to an ave 


Ag 


§ 112 seconds. In fact, the response of the lactating rat to the anticoagulant 
as very similar to that of ordinary rats fed large amounts of vitamin Ix (6 

The greatest resistance to the anticoagulant, lowest prothrombin time, was 
observed during the third week of lactation (table 1) i1.e., when the secretion of 


TABLE 2 


T he degre if } jpoprothrombine mia induced tn lactatir Jand nor 
3, 3’-methylenebis(4-hydroxycouma 


Prothrombin clotting time of 12.5 per cent plasma 


I R\ 

Lactating and non-lactating 115 09.0+ 3.2 
Lactating S3 2.9 59 > 1] 
Non-lactating 130 2.5 112 + 18 
Lactating 6 5.0 62 : 7 
Non-lactating 9 5.0 171 35 
Lactating Q7 + 19 
Non-lactating.... 19] {2 
milk was probably at its greatest volume (8). The connection between lacta- 


tion and resistance to hypoprothrombinemia was turther emphasized by the 
performance of eight females which either tailed to lactate, or stopped lactating 
shortly after parturition, so that the young died. The administration of anti- 
coagulant to these animals resulted in prothrombin times of 97 to 167 seconds, 
essentially the range for other non-lactating animals in the post-lactation period 
The response to the anticoagulant immediately after withdrawing the young 
was often temporarily irregular, but ultimately the degree of hypoprothrom 
binemia induced in all animals was that characteristic of non-lactating rats. 

Prolonged lactation. While young rats are usually weaned about the twenty 
first day of life, Long and Evans state that the mother may be kept lactating 
for periods up to 40 days (9). In the present experiment 7 rats were kept in 
lactation for more than 60 days, while 3 others lactated for more than 110 days. 
This was accomplished by foster nursing as follows: after the natural litter had 
opened its eyes, the mother and young were kept in a cage without access to 
food, the mother being fed the artificial ration in a separate cage during two 
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30-minute intervals daily. When the young were about 15 days old, all but 
one or two were removed and replaced with voung® approximately 5 days of age 
As these grew up, the older pups were removed periodically, and replaced with 
younger ones. The new foster voung were seldom neglected if the female was 
allowed to keep one or two of the older ones to which she had become accustomed. 
The young either grew or maintained their weights, and their stomachs wer¢ 
visibly distended with milk, thus indicating substantial lactation. A typical 
protocol is indicated in table 3. 

The treatment of the females during the prolonged lactation period was by 
no means optimal for general well-being: they were fed an artificial ration; thes 


TABLE 3 


Prolonged lactation protocol of rat 240 for per tod 100—130 days post-partum 


YOUNG ADDED YOUNG REMOVED WEIGHTS OF LITT P 
10-13-41 5 born 
1-21-42 2 11-day old 53 
1-22-42 2 13-day old 1 12-day oldt 57, 7s 
1-25-42 2 6-day old 1 28-day old 80, 70 
1-27-42 2 7-day old 1 20-day old 76, 79 
1-29-42 1 9-day oldt S4 7S 
1-30-42 2 9 day old 22 day oid 7S, 60 
1-31-42 1 21-day old 
1 12-day oldt 64, 

2- 1-42 2 1-day old 5O, 60 
2- 3-42 2 12-day old 70, 95 
2- 7-42 2 7-day oldt 114, 100 
2-12-42 1 10-day old 1 23-day old 

1 16-day old 24-day old 117, 98 
2-14-42 2 24-day old 105, 60 
2-20-42 


* The first, figure indicates litter weight before the recorded change in animals; the 
second figure, litter weight after the change. Growth is indicated by comparing the second 
figure of any line with the first figure of the next line. 

t Died. 


were starved periodically for periods of 12 hours; they were given the anticoagu- 
lant periodically; and finally numerous blood samples were taken by heart 
puncture. Nevertheless, the females remained resistant to the anticoagulant 
throughout the period of prolonged lactation. Thus the ingestion of 2.5 mgm. 
of anticoagulant by lactating females 100 days after parturition resulted in 
prothrombin times of only 56 seconds (45-67) as compared to 112 seconds 
average in non-lactating controls. When the young were permanently with- 
drawn, however, this amount of anticoagulant induced a degree of hypopro- 
thrombinemia characteristic of non-lactating rats. 

3 We are indebted to Prof. H. Steenbock and to Messrs. H. Gottlieb and F. A. Kum- 


merow for many of these animals. 


| | 
] 
| 


PROTHROMBIN ACTIVITY IN PREGNANCY AND LACTATION 513 


Liver size during pregnancy and lactation. No satisfactory explanation is as 
vet at hand for the resistance of the lactating rat to the anticoagulant 3,3’- 
methylenebis(4-hydroxyeoumarin). Prothrombin is believed to be synthesized 
in the liver (10) and it has been suggested that the anticoagulant interferes with 
this svnthesis. Accordingly, the observed resistance to the anticoagulant 
might have been due to a greater efficiency of hepatic function during pregnane, 
ind lactation. Poo et al. (11) have reported an increase in liver size during 
pregnancy, with the liver still somewhat larger than normal after 31 days ot 
lactation. A survey of 17 pregnant rats, and 35 of our lactating ones, revealed 
an increase in liver size (fresh weight) of approximately 30 per cent during the 
last week of pregnancy (table 4) with a further increase during lactation. Two 
inimals which died at parturition from uncontrollable hemorrhage had relatively 


TABLE 4 


Liver size during pregnancy and lactation* 


Nt OF R FRESH 
Normal females 
150-200 grams 1] 6.9 (6.2- 7.2 
200-250 9g 7.1 (5.9- 8.5 
250+ 16 8.4 (6.8- 9.4 
Pregnant 
0-13 days 7.8 (6.0- 9.4 
14-21 days 11 10.0 (7.0-13.2 
Lactating 
0-10 15 10.1 (7.4-12.5 
11-20 6 11.6 (9.3-13.7 
21-30 10 11.3 (8.0-13.5 
30+. 11.6 (8.7-15.2 
Post lactating 
7-14 days 7 8.9 (5.4-11.8 


* In the non-pregnant non-lactating rats the liver constituted 3.4 per cent of the body 


weight; in the lactating rats, the liver weights averaged 4.5 per cent of the body weight. 


small livers, as did 3 sacrificed from a group of 8 post-partum females which 
failed to suckle their young. Thus the rapid recovery from incipient hypo 
prothrombinemia during lactation seems to have been associated with an in- 
creased liver size during this period. The variations in liver size, however, 
were hardly of sufficient magnitude to account for more than a fraction of the 
resistance to induced hypoprothrombinemia exhibited by lactating rats. 
Discussion. It is still an open question whether resistance to the anticoagu- 
lant 3,3’-methylenebis(4-hydroxyveoumarin) is enhanced during lactation in 
species other than the rat. Extensive reports on the hemorrhagic sweet clover 
disease in cattle seldom contain references to the sex of the affeeted animals 
although both Schofield (12) and Roderick (13) have observed cows which con 


sumed anticoagulant (spoiled hay) and remained well after parturition, while 
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the calves died of hemorrhages. This might suggest not only a resistance ¢ 
the part of the mother, but also the transmission oi anticoagulant through t! 
placenta and mammary gland. ‘The resistance to the anticoagulant might als 
connected with the relatively large turnover of water and other substance: 


during lactation, with the lactogenic hormone a governing factor. 


SUMMARY 


|. The prothrombin activity of rat plasma was relatively high during 1] 
last week of pregnancy, but after parturition it decreased to its tormer leve 

2. The hypoprothrombinemia induced by the anticoagulant 3 .3’-methylen: 
bis(4-hydroxycoumarin) was somewhat milder in pregnant rats than in tho- 
not pregnant. In lactating rats the anticoagulant was only 18 per cent as effe 
tive as in non-lactating controls. The resistance of the lactating rat appear 
to be due to an enhanced capacity to recover from incipient hvpoprothron 
binemia. 

3. By means of foster voung, female rats were kept lactating for periods up t: 
ISO davs. Resistance to the anticoagulant persisted throughout lactation. In 
the post lactation period, however, a marked hvpoprothrombinemia could | 
readily induced by the anticoagulant. 

!. Recovery from induced hypoprothrombinemia appeared to be associated 
With increases in liver size. Some increase in liver weight was noted during 


pregnancy with further increases during lactation. 


REFERENCES 


1) SranmMann, M. A., C. F. HvEBNER anp Kk. P. Linx. J. Biol. Chem. 138: 513, 1941 
2) THorparson, O. Nature 146: 305, 1940. 
3) Dam, H., H. Larsen anp P. Ptum. Ugeskift f. Laeg. 103: 257, 1941. 
4) Norris, R. F. anp M. C. Bennett. Surg., Gynecol. and Obstet. 72: 758, 1941. 
5) Javert, C. T. anp C. Macri. Am. J. Obstet. and Gynecol. 42: 415, 1942. 
6) Overman, R. S., J. B. Fretp, C. A. Baumann anno K. P. Linx. J. Nutrition 23: 
589, 1942 
7) CaMpBELL, H. A., W. K. Smitu, W. L. Roperts K. P.- Linx. J. Biol. Cher 
138::1, 1941. 
8) Cox, W. M., Jr. anp A. J. MuELLER. J. Nutrition 13: 249, 1937. 
9) Lone, J. A. anon H. M. Evans. The oestrus cycle in the rat. Memoirs of the Univ 
of California 6, 1922. 
10) Smira, H. P., E. D. Warner, ann K. M. Brinkuots. J. Exper. Med. 66: 801, 1937 
11) Poo, L. J.,. W. Lew anp T. Appis. J. Biol. Chem. 128: 69, 1937. 
(12) ScHoFIeELD, F. W. J. Am. Vet. M. A. 64: 553, 1924. 
13) Roperick, L. M. anp A. F. Scnatk. North Dakota Agric. Expt. Sta. Bull. 250, 
Tech. 1931. 


l 
I 
| 


PROPHYLACTIC TREATMENT OF EXPERIMENTAL RENAL 
HYPERTENSION WITH RENIN 


G. E. WAKERLIN, C. A. JOHNSON, E. L. SMITH, W. G. MOSS anp J. R. WEIR 


From the De partme nts of Pi 7s logy and P} is ologie ul Chen try, Un ersily Of Til 
College of Medicin 


Received for publication June 8, 1942 


Two of us (1) have previously reported that daily intramuscular injections of 
partially purified hog renin for four months produced striking reductions in the 
blood pressure of dogs with renal hypertension, whereas heat-inactivated hog 
renin and active dog renin were without antipressor effect. The serums of the 


dogs treated with hog renin, but not the serums of the dogs given injections of 
inactivated hog renin or dog renin, neutralized the acute pressor effeet of renin 
antirenin). The mechanism of these therapeutic effects of hog renin in experi- 
mental renal hypertension in the dog, we stated, was not clear, although an 
antihormone or immune response to heterologous hog renin might be involved. 

In view of these significant therapeutic effects of partially purified hog renin 
which are being substantiated by work now in progress, we have studied the 
prophylactic effects of hog renin, inactivated hog renin, dog renin, rabbit renin, 
inactive human renin, and an extract of liver in experimental renal hypertension 
in the dog. Thus far attempts by other workers to prevent the development of 
experimental renal hypertension have been unsuccessful. 

Merruops. Normotensive dogs were observed during a control period of two 
to four months. Mean blood pressure readings were obtained by puncture of a 
femoral artery (method of Dameshek and Loman (2)) two or three times a week. 
Studies on the blood urea nitrogen, urinalyses, and determinations of the body 
weight were made at monthly or bimonthly intervals and more frequently when 
indicated. The dogs were then treated with daily intramuscular injections of 
renin for approximately six months. In the middle of this period the right and 
left renal arteries were constricted three weeks apart by the Goldblatt technique 
3). The renin solutions used were equivalent to 1 gram of fresh kidney cortex 
per cubic centimeter of solution and were administered in a dose of 1 ce. per kilo- 
gram of body weight. The method used for the preparation of the renin solu 
tions Was essentially that described by Grossman (4), except that acetone was 
employed as a dehydrating agent and much of the associated protein was re 
moved by isoelectric precipitation. The renin solutions were only partially 
purified and obviously contained substances other than renin. Four dogs were 
treated with hog renin, four with hog renin inactivated by heating at 70°C. for 
one-half hour, four with dog renin, two with rabbit renin, two with inactive 


!This work was aided by grants from the Graduate School Research Fund of the Uni 
versity of Illinois and from Parke, Davis & Company of Detroit 
Technical assistance was furnished by the Works Projects Administration Project 80278 
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human renin (renal extract prepared like renin but pressor inactive), and thre: 
with liver extract prepared after the manner of renin. 

Blood serums were examined for antirenin before treatment and subsequent], 
during treatment at semimonthly and after treatment at monthly and_ bi 
monthly intervals. The technic previously described (5) consisted essentially 
in mixing 2 volumes of serum with 1 volume of renin solution, allowing thx 
mixture to stand at least overnight at 4°C. and assaving the acute pressor effect 
of the mixture intravenously on the etherized, nephrectomized dog. The dose 
of renin solution employed was 0.25 ce. per kilogram of assay animal. In all 
instances the serum tested for antirenin was suitably controlled with serum from 
untreated normotensive dogs and frequently with serum from untreated hype 
tensive dogs. Antirenin titers were regularly determined for dog renin, less 
frequently for hog renin, and exceptionally (two dogs receiving rabbit renin) for 
rabbit renin. 

Determinations of blood pressure, studies on the blood urea nitrogen, urinaly 
ses, and determinations of body weight were continued throughout the treat 
ment period and subsequently during observation periods which varied from on 
to eleven months. 

Resuutrs. Hog renin. During three months of hog renin injections prior to 
constriction of the renal arteries, the blood pressures of the four dogs showed 
no significant change from the normotensive levels observed during the pre- 
ceding control period of two to three months. Following constriction of the 
first renal artery there was no significant change in the blood pressures of any 
of the four dogs. Subsequent to constriction of the second renal artery two of 
the dogs showed no important change in blood pressure during the remaining 
three months of treatment with hog renin or during observation periods of nine 
and eleven months respectively following renin therapy. The results for one 
of these two dogs are illustrated by figure 1. The third dog showed a significant 
rise in blood pressure following constriction of the second renal artery. This 
mild hypertension remained unchanged during the subsequent three months of 
continued hog renin injections. There was a gradual increase in the hyvperten- 
sion during the five months of observation subsequent to treatment. Following 
constriction of the second renal artery the fourth dog developed hypertension 
which persisted essentially unaltered for the five months of observation subse- 
quent to the injections of hog renin (fig. 2). 

Antirenin, tested against dog and hog renins, became demonstrable in the 
serums of the four dogs during the second month of treatment and disappeared 
during the second month after treatment was discontinued. At no time during 
treatment or subsequently was there any clinical evidence of untoward effects. 
The appetities of the four dogs remained excellent, their weights constant, and 
their blood urea nitrogens and urines normal throughout. 

Inactivated hog renin. During the three months of inactivated hog renin in- 
jections prior to constriction of the renal arteries, the blood pressures of the foun 
dogs remained unchanged from the normotensive levels noted during the initial 
control period of two and one-half months. One dog continued to show normo- 
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tension despite bilateral renal artery constriction. Normotension persisted 

this animal during three months of continued inactivated hog renin injections 
and five months of subsequent observation. Following constriction of the first 
renal artery, hypertension developed in the three remaining dogs and was in 
tensified somewhat by subsequent constriction of the second renal artery. No 
significant changes occurred in the hypertensions of these three dogs during 
the ensuing three months of continued inactivated hog renin injections or 
during the five months of observation following the completion of the injections. 
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Repeated assays for antirenin against both dog and hog renins gave negative 
results in all four dogs. No toxic effects from injections were detected in any of 
the animals. 

Dog renin. There were no significant changes from the initial control levels 
in the blood pressures of this group of four dogs during the three months of in- 
jections of dog renin prior to the first renal artery constriction. Two of the dogs 
remained normotensive following bilateral renal artery constriction. One of 
these continued to be normotensive during the three months of continued dog 
renin treatment following constriction and during the five months of observation 
subsequent to dog renin injections. The other animal remained within normo 
tensive limits during the period of dog renin injections following the arterial 
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constrictions but showed a gradual though significant rise in blood pressure dui 
ing the five months succeeding dog renin injections. The two remaining dog: 
developed hypertension following arterial constriction. In one of these dog- 
hypertension appeared after the second renal artery was constricted; in the othe: 
unilateral constriction produced hypertension. The hypertensions of both 
animals continued essentially unchanged during three months of continued dog 
renin injections and five months of observation subsequent to the termination 
of the injections. 

Antirenin assays against dog and hog renins were repeatedly negative in all 
four dogs. No toxic manifestations from the injections were observed. 

Rabbit renin. The normotensions of the two dogs in this group were not 
altered from their control levels during the first three months of rabbit renin 
injections. Following unilateral constriction the pressures continued to be 
normotensive. Shortly after constriction of the second renal artery, one of the 
two dogs died of pneumonia. The other animal remained persistently normo- 
tensive not only during the three additional months of rabbit renin injections 
but also during the five months subsequent to rabbit renin treatment. 

Antirenin, tested against rabbit, dog, and hog renins, appeared in the serums 
of the two dogs during the second month of injections and disappeared during 
the second month after the injections were discontinued in the surviving dog. 
Untoward effects from the injections were never observed in the dogs. 


Inactive human renin. The normotensions of two dogs observed during the 
initial control period were unchanged by three months of inactive human renin 
injections prior to constriction of the renal arteries. Unilateral renal artery 
constriction produced hypertension in both animals which was accentuated 
somewhat by constriction of the opposite renal artery. Two weeks subsequent 
to the second constriction, one of the dogs died of malignant hypertension. 
The hypertension of the other animal persisted during the remaining three 
months of inactive human renin injections and during the one month which 
has elapsed since treatment was stopped. 

Antirenin was never demonstrated in the serums of these two dogs and they 
never displayed any toxic effects from the injections. 

Liver extract. The normotensions of the three dogs in this group did not show 
any significant changes during the pre-constriction injection period. Following 
constriction of the first renal artery, all three of the dogs developed hyperten- 
sion which was intensified by constriction of the second renal artery. Two 
weeks subsequent to the second operation, one of the dogs died of malignant 
hypertension. The other two dogs have shown no significant changes in their 
hypertensions during the post-constriction injection period. 

Repeated serum examinations never showed any antirenin and the extract 
produced no toxic effects. 

Untreated controls. After two to four months of control blood pressure read- 
ings, sixteen dogs were subjected to bilateral renal artery constriction. Follow- 
ing constriction of the first renal artery, fourteen of the dogs became hyperten- 
sive. The remaining two developed hypertension after the opposite renal artery 


RENIN IN PROPHYLAXIS OF EXPERIMENTAL HYPERTENSION 519 


was constricted three weeks later. These sixteen control dogs showed persistent 
hvpertensions during the three to five months of observation following const ric 
tion. Antirenin was never present in the serums of the dogs. Then body 
weights, blood urea nitrogens, and urines remained essentially unchanged 

Discussion. These experiments constitute the first successful prophylaxis 
of experimental renal hypertension in the dog. The results show that of a 
total of fifteen dogs treated with renal extracts, six (40 per cent) were pro- 
tected against hypertension and nine were not. This is in striking contrast to 
the control group of sixteen untreated dogs all of which became hypertensive. 
In a larger series of 75 untreated dogs operated upon by essentially the same 
technique during the past three years, we have failed to obtain some degree of 
hypertension in only one animal. Another laboratory reports failure to obtain 
hypertension following constriction of the renal arteries by a somewhat different 
technique in 10 per cent of their dogs (6). Also pertinent to the prophylactic 
effect of certain of these renal extracts is the fact that whereas fourteen of the 
sixteen control dogs and 64 of the 75 dogs in the larger series developed hype 
tension following constriction of the first renal artery, only six of the fifteen renal 
extract treated dogs did so. 

The mechanism of these prophylactic effects is not apparent at present 
Obviously the small number of animals in each experimental group and the lack 
of consistent results within each group make a final interpretation impossible. 
Whether the prophylactic effects are due to renin or to some other substance or 
substances in the partially purified solutions is likewise not determinable at pres 
ent. The evidence that the prophylactic effects are not due to antirenin ap 
pears conclusive. Thus two dogs given dog renin and one dog given inactivated 
hog renin were protected against experimental renal hypertension although these 
animals never at any time showed antirenin in their serums. Furthermore, 
the two dogs treated with hog renin and the dog injected with rabbit renin 
which were protected against hypertension continued to be normotensive for 
months following the disappearance of antirenin from their serums. Neverthe 
less, some other type of antihormone or immune response is not completels 
ruled out. 

Before the question of mechanism can be answered we must conduct studies 
on larger groups of dogs treated prophylactically and therapeutically with 
various partially purified renin solutions. We must also study the effects of 
highly purified renins as well as the influence of dosage and of route of adminis- 
tration. Such studies are now under way. 

The long periods of normotension in five of the protected dogs following the 
discontinuance of treatment are striking. We intend to observe these animals 
for a minimum of eighteen months subsequent to treatment. If these five 
dogs do not become hypertensive during the observation period of eighteen 
months, we shall further constrict the renal arteries until hypertension, malig 
nant hypertension, or fatal uremia without hypertension results 

As stated, we observed a notable lack of toxic effects from the injections al 
though the most sensitive tests for renal, hepatic, and other functions were not 
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employed. The toxic effects of partially purified renin solutions noted by 
Winternitz et al. (7) and Leiter and Kichelberger (8) are probably related chiefly 
to their employment of the intravenous route. All of our injections have been 
given intramuscularly. Moreover, the toxic substances demonstrated by 
Winternitz and Leiter in their partially purified kidney extracts are not neces 
sarily in any way related to the prophylactically potent principle or principles 
in the partially purified renal extracts which we have employed. 


SUMMARY 


1. Studies were made of the prophylactic effects of partially purified hog 
renin, Inactivated hog renin, dog renin, rabbit renin, inactive human renin, 
and liver extract prepared like renin, in experimental renal hypertension in the 
dog. 

2. Hog renin completely protected two dogs, partially protected one, and 
did not protect a fourth animal against the development of experimental renal 
hypertension following constriction of the renal arteries by the Goldblatt 
technique. 

3. Inactivated hog renin protected one dog but did not protect three othe: 
animals. 

t. Dog renin completely protected one dog, partially protected one, and did 
not protect two dogs. 

5. Rabbit renin completely protected one dog against experimental renal 
hypertension. 

6. Inactive human renin offered no protection to two dogs and liver extract 
was likewise ineffective in three dogs. 

7. Sixteen untreated control animals all developed experimental renal hy- 
pertension following constriction of the renal arteries. 

8. The mechanism of these prophylactic effects is not apparent at present. 
They may be due to renin or to some other substance in the partially purified 
renal extracts. Antirenin is almost certainly not involved. Further studies 
which may clarify the mechanism are now under way. 


We are grateful to Messrs. R. Ic. Vessey and V. Miszeika for technical assist- 
ance. 
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Adequate evidence has been adduced that androgens will maintain (1, 2, 3 
and initiate (4, 5) spermatogenesis in the hypophysectomized rat. This observa- 
tion has been difficult to reconcile with the finding that male hormone may cause 
damage to the seminiferous epithelium in normal immature rats (6). Such dele- 
terious effects in the young rat have been considered generally to be brought 
about indirectly through suppression of the out put of gonadot ropic hormone from 
the pituitary (6). This interpretation leaves some problems unexplained. For 
example, it is difficult to understand why male hormones in small doses are dam 
aging to seminiferous epithelium, while large doses may show no injurious et- 
fects whatever. The data which follow may afford a solution of such paradoxical 
phenomena. 

MATERIAL AND METHODS. ‘Twenty-nine litters, comprising 94 rats, have been 
used. Ranging in age from 25 to 44 days at the outset, their ages at the end of 
the experiments varied according to length of treatment. The animals com- 
prised two groups: experimental and control. Experimental animals were 
hypophysectomized, and immediately injected subcutaneously with one of the 
following substances!: testosterone propionate (TP), pregnant mare serum 


PMS), or with hypophyseal synergist.2 Injections were repeated daily until 
the day preceding autopsy. Daily doses were as follows: 1, testosterone pro- 


pionate, 1 or 3 mgm. in 0.3 ec. peanut oil; 2, pregnant mare serum, | or 2 R.U. 
in 0.5 ee. solution of trisodium phosphate adjusted to pH 7.9; 3, hypophyseal 
synergist, 1 or 3 mgm. in 0.5 cc. solution of tri-sodium phosphate. Control 
animals, littermates of experimental rats, were of 3 kinds; untreated hypophysce- 
tomized, initial and normal. Initial control rats were killed at the beginning of 
individual experiments while normal and hypophysectomized control rats were 
sacrificed at the end of individual experiments. — Initial control values for testicu 
lar weights were obtained by sacrificing one animal of a litter at the start of an 
experiment, or by removing one testis from an experimental rat at the time of 
hvypophvsectomy. In the latter instance the weight of each single testis obtained 
at biopsy and at autopsy was doubled in order to make possible the presentation 
of average data in table 1. Autopsies were performed one day after the final 
injection. Organs were weighed in the fresh state, fixed in Bouin’s fluid, and 
embedded in paraffin. Sections were cut at 7 to 10 w and stained with hema 
toxvlin and eosin. At autopsy saline smears of the head and tail of epididymides 


1 The hormones used in this study were supplied by Dr. Erwin Schwenk, Schering Corp., 
Bloomfield, N. J. 

? Synergist was prepared from sheep pituitaries. It was stated to be chiefly follicle 
stimulating, with traces of luteinizing principle. 
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were examined for spermatozoa. If sperm were present, their motility or lack « 
motility was noted, and such observations were correlated with microscopic 
findings. 

tesuLTs. Attention will be directed chiefly to: 1, weights of testes; 2 
histological appearance of tubules; 3, histological appearance of interstitial cell 
t, observations on epididvmides. Wherever necessary the condition of the a 
cessory sexual organs will be discussed. It is helpful to recall (7) that testicula 
size or weight largely reflects the extent of tubular development, since interstitia 


TABLE 1 
Effects in hypophysectomized rats of daily injections of 1-3 mgm. of testosterone 
propionate (TP), 1-2 r.u. of pregnant mare serum (PMS), or of 1-3 mgm. 
of hypophyseal synergist (SYN) 


TREATMENT TESTES 
AGE AT NUMBER OF NUMBER OF 
LITTERS Number of Average weight Change fron 
injections at autopsy initial contro 
gm gm 
25-28 4 11 IC 0.30 
HC —Q.22 
3 a2 20-21 0.24 —0.06 
} PMS 21-23 0.87 0.57 
2 SYN 18-23 0.97 0.67 
NC 1.81 
29-34 14 6 IC 0.67 
] HC 0.13 —0.54 
Is TP 20-63 0.57 —0.10 
} PMS 21 0.96 0.29 
2 SYN 21 0.96 0.29 
5 NC 2.41 1.74 
35-44 1] 1.24 
HC 0.20 —1.04 
24 9-72 Be —0).07 
13 NC 2.63 1.39 


IC, Initial control; HC, Hypophysectomized control; NC, normal control. 


tissue constitutes but a small percentage of the testis. Weights of testes and 
other data are given in table 1. 

1. Animals hypophysectomized between days 25 and 28. Sperm were not 
formed in testes of animals injected with TP, and the tubules were markedls 
damaged (cf. figs. 1 and 7). Both PMS and svnergist brought about distinct 
tubular development and sperm formation. No significant change in weight oi 
testes took place after injections of TP, but PMS and synergist brought about 
marked increases in testicular weight over initial control levels (table 1). Atrophy 
of interstitial cells was not prevented by TP. Interstitial cells were markedly 


stimulated by PMS, as judged histologically and by the development of seminal! 
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esicles and prostate Svnergist caused only slight stim 

ells In the epididy mides of most of the treated animal cre 
numbers of cells, which presumably had become desquamated trons th 
erous epithelium: (cf. figs. 2.and Included among these cells wer 


wiant cells and spermatocytes, most of the latter show 


Adrenal ghiunds of all treated animals were 


tt } 


hig. 1. Pestis of 


with 8 mgm. of testosterone propionate CPP Atrophy of tub 
Is marked 
2. Epididyvmis of rat hyvpophysectomized ive 30 ‘ 
davs with 38mgm. of PP. Lumen contains metes me deg 
estis 
Fig. 3. Testis of rat deseribed in figure 3. Sperm sre visible 
Fig. 4. ipididvmis of rat hypophysectomized at age 32 
davs with 3 mgm. of TP. Germinnl elements are present in the tubu 
hig. 5. Testis of rat desertbed in figure 4 Note tubule vhich | 
germinal epithe lium 
Fig. 6. Epididvmis of rat hypophyseetomized at age 
davs with mgm. of TP. Clusters of spermatozoa be 


d cells 
Fig. 7. Testis of normal control rat 
hig. S. Spermatozoa in epididymis of normal control rat 


2. Animals hypophyscctomized between day 1) 


found in the testes of all treated) rats, despit the average lo in 
weight table | In TP treated Sperh Were Hot 
were often shrunken, although im some instances they were clothed 


epithelium similar in appearance (fig. 8) to that 
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Interest was the observation that some tubules which showed retrogressiy: 
changes frequently contained spermatozoa which, instead of being embedded i 
Sertoli cells, were situated haphazardly in the epithelium or lumen. Occasions 
non-motile sperm were observed in fresh smears of epididyvmides; few sperm wer 
found in fixed preparations. Possibly some were missed in the masses of «i 
generating cells filling some of the tubules of the epididymides (fig. 1). Thess 
masses resembled those observed in the preceding group, and no doubt had 
sloughed off the germinal epithelium of the testes. Loss of germinal clement 
from the testicular tubules is well illustrated by figure 5. Interstitial cells wer 
atrophic. 

Tubular development was more uniform and more pronounced ino animals 
treated with PMS and svnergist than in animals which had received TP, as might 
have been expected on the basis of testicular weight inerements. Sperm wer 
more numerous both in the testes and epididyvmides For the most part. ce 
generating germ cells whieh had been transported from the seminiferous epi 
thelium to the epididymis were not nearly so abundant as in animals which had 
been given TPR. Interstitial cell stimulation was moderate following administra 
tion of PMS; after svnergist, it was slight. Adrenal glands in all hypophysec 
tomized animals were atrophic. 


3. Animals hypophysectomized between days 35 and 44. Data in table 1 reveal 
that TP caused little change in average testicular weight. In spite of this 
apparently indifferent weight response, tubular development was of a highe) 
order than in the vounger groups. Some tubules were invested with a thiek epi 
thelium containing a normal complement of gametes in all stages of develop 
ment. Other tubules were damaged to varving degrees, some containing only 
sustentacular cells. 

smears of the epididyvmides and fixed preparations showed moderat 
numbers of spermatozoa. Some sperm in the heads, as well as in the tails, of 
the epididyvmides exhibited motility. Three animals from a litter hypophysec 
tomized at age 37 days and injected with TP were, at intervals from the start 
to the end of the experiment, caged with estrous females of known fertility 
Mating always took place, and vaginal smears often contained motile sperma 
tozoa. In no instance, however, did pregnaney ensue. This would suggest a 
functional or numerical deficiency of spermatozoa. In addition to spermatozoa 
in the epididyvmides of TP-treated rats there were also masses of desquamated 
germinal elements (fig. 6). No gonadotropins were used in this series. Adre 
nals of all hyvpophyvsectomized rats were atrophic. 

Discussion. In the stock rats used for these experiments the earliest age at 
which spermatozoa appear in the testes is 84 days. Tf animals were hypophysec 
tomized before this age, and injected with TP, the following results were noted: 
1. No spermatozoa developed when the operations were performed before day 
20, and tubules exhibited much damage. 2. Some spermatozoa formed when 
operations were performed on or after day 29. Many tubules, however, re 
vealed degenerative changes. When hy pophy seul or chorionie gonadotropin 
was administered to rats hypophysectomized between the ages of 25 to 34 days, 


sperm formed in all instances, the seminiferous tubules were uniformly stimu 
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lated, and appreciable increases in weight over the preoperative levels oecurred 


in most of the testes. If treatment with TP was instituted in rats hypophysee 
tomized after sperm normally formed, spermatozoa developed in larger numbers 
and tubules showed fewer signs of retrogression than in the younger animals 
which received androgen. 

Of particular interest was the occasional presence in the epididymides of masses 
of degenerating cells. These masses comprised giant cells, leucocytes, and 
various Classes of gametes. They were found in the epididymides of nearly all 
hypophysectomized rats which received TP, and in the very young hypophy 
sectomized animals which had been treated with gonadotropins. Few such 
cells were seen in the epididymides of older hypophysectomized rats injected with 
synergist or PMS. 

The reason for the desquamation and transport of seminiferous epithelium 
into the epididymis is not known, although it is tempting to associate a high 
level of androgen with this phenomenon. Such correlation, of course, would be 
conjectural at this time. It seems worth noting, however, that in the normal 
immature male rat development of the prostate and seminal vesicles is a gradual 
process reaching a peak at 80 days of age (8). In normal development, at least, 
early spermatogenesis occurs in the presence of relatively small amounts of 
androgen. 

On the basis of available data it does not seem reasonable to conclude that 
androgen is directly injurious to gametes, since many cells metamorphose into 
spermatozoa in the hypophysectomized (4, 9) or intact (10) rat. Rather it 
would appear that androgens in some way cause germ cells to become detached 
from the tubular epithelium and to be transported to the epididymis where they 
degenerate. Deleterious effects of androgenic substances on the spermatogenic 
epithelium in intact prepuberal rats (6) have been believed to be brought about 
indirectly by suppression of gonadotropic hormone in the anterior pituitary. 
Further work must be done to determine whether this latter theory is correct o1 
whether the damage is occasioned by desquamation of gametes into the tubular 
lumina. The latter concept would serve to explain the apparently paradoxical 
observations (6) that the extent of testicular injury in immature intact rats 
treated with androgens is inversely proportional to the dose. It seems possible 
that the lower doses simply were inadequate to promote spermatogenic develop 
ment, and that no mediation of the pituitary was involved in the reaction. “The 
damage noticed in the testes of very voung intact rats treated with androgen 
decreases with age (6, 10), and in hypophysectomized rats androgen causes in 
creasingly better tubular development with age (present study, and 4,9). Pe 
haps age itself is not so much a factor in this differential response. Possibly in 
very young rats androgen brings about desquamation of gametes so rapidly that 
restoration of a stratified epithelium by replacement from spermatogonia is im 
possible. This would account for the almost complete absence of germ. cells 
which has been noted in some of the testes described in this report 

There is still no conclusive evidence that male hormones stimulate germ 
cells directly. If TP was gametokinetie in the present study, it differed in sey 


eral respects from the gametokinetie gonadotropins. Both PAIS and synergist 
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induced spermatogenesis in rats hypophysectomized before the age of 29 days 
androgen failed in this respect. Sloughing of seminiferous epithelium was not 
so marked as to lead to tubular atrophy in rats receiving PMS or synergist; in 
TP-treated rats tubular desquamation was extensive. 

This investigation throws little additional light upon the nature of the effect 
of androgen upon spermatogenesis. It does, however, emphasize that mak 
hormone may directly induce sloughing of the germinal epithelium; and it sug 
gests that transport of cells from the seminiferous tubules to the epididvmis may 
be influenced by androgenic hormone. 


SUMMARY 


Testosterone propionate (TP), pregnant mare serum (PMS), and hypophyseal 
synergist were administered to rats hypophysectomized between the ages of 25 
to 44 days. 

1. Animals hypophysectomized before day 29. Both gonadotropins induced 
good tubular development and sperm formation. Testes of TP-treated animals 
showed much tubular damage and no differentiation of spermatozoa. Masses 
of degenerating cells, among which many gametes were recognized, were seen 
in the epididymides. 

2. Animals hypophysectomized between days 29 and 34. Sperm developed 
in all treated animals. Both gonadotropie substances caused pronounced and 
uniform tubular growth and development. Testes of ‘TP-injected rats exhibited 
considerable sloughing of seminiferous epithelium. Epididymides of rats 
receiving TP contained large numbers of degenerating elements transported 
from the testes. 

3. Animals hypophysectomized between days 35 and 44. Only TP was used 
in this series. Although there was little change in testicular weight, as com- 
pared with preoperative levels, tubular development was more uniform than in 
preceding groups, and greater numbers of spermatozoa formed. Some tubular 
damage was noticed, and most of the epididvmides contained elements which 
had become detached from the seminiferous epithelium. 

Tubular damage following use of TP in intact and hypophysectomized pre- 
puberal rats is discussed in the light of germ cell desquamation. The possibility 
that androgen influences transport of germinal cells from testis to epididymis is 


suggested. 
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The literature contains numerous accounts of investigations dealing with the 
histologic aspects of axone regeneration in peripheral nerves. However, there 
is a paucity of quantitative information pertaining to the extent and velocity of 
functional restoration in the affected neuromuscular structures. The importance 
of such information is apparent when attempts are made to evaluate the effects 
of experimental conditions upon the course of regeneration. 

This report is concerned with the results of experiments on the gastrocnemius 
muscles and tibial nerves of the albino rat. This animal was selected for study 
because of its genetic homogeneity, short life span and the wealth of information 
concerning its nutritional requirements. Studies on the histologic aspects otf 
regeneration of peripheral nerves in this species have been reported by Greenman 
(1). The work herein reported is chiefiy concerned with quantitative measure- 
ments of muscle strength, mass and creatine concentration at various times during 
the course of degeneration and subsequent regeneration. In addition studies 
were made concerning the presence of fibrillary activity and acetylcholine sensi- 
tivity. Attention was also given to the réles of age, sex and body weight in the 
velocity and extent of regeneration. 

ISXPERIMENTAL METHODS. A total of more than 200 animals of known age 
which had been reared on a standard diet were selected for study from a closely 
inbred stock. The operative procedures were carried out under light ether 
anesthesia. A standard lesion was made in the tibial nerve of one limb at the 
level of its Junction with the peroneal. This was accomplished by crushing the 
exposed nerve with a coarse linen ligature against a metal rod. The nerve was 
released from its tie by cutting through the ligature down to the rod. The 
lesions were made at the junction of the tibial and peroneal branches of the sciatic 
nerve in order to standardize the length of the nerve trunk involved. The 
tissues of the unoperated contralateral limb served as controls. Crushing was 
preferred to cutting and suture because by crushing the nerve sheaths remain 
intact and thereby afford a better alignment for reinnervation. That crushing 
gives complete axone separation and paralysis of the gastrocnemius muscle is 
attested by the following observations: 7. Electrical stimulation of the nerve 
above the lesion immediately after the erushing resulted in no muscular con 
traction. 2. Electrical stimulation of the nerve below the lesion after allowing 
three days for degeneration resulted in no muscular contraction. 3. The rates 


of muscle atrophy, loss of strength and decreases in creatine and glycogen eon 
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centration were essentially the same in the muscles which had their motor ner 
supply crushed as in those with cut motor nerves. 

Most of the studies were made 12, 18, 21, 28, 35, 42, 56 and 84 days aft: 
denervation. Muscle strength was determined by measuring the maxims 
isometric tension that would develop upon direct and indirect stimulation. Th: 
tendon of Achilles was cut and attached to a Blix type torsion rod. A portior 
of the femur was exposed and fixed in a rigid clamp. The intact muscle wa- 
direetly stimulated through two needle electrodes which pierced it, one at the 
tendon and the other at the origin. Adjustable silver electrodes were placed 
in contact with the tibial nerve for indirect stimulation. Short volleys of slighth 
supermaximal stimuli, either from an inductorium or as condenser discharges, 
were delivered to the muscle and nerve. The frequency and strength of th: 
stimuli were such as were found to be adequate to give maximal tetanus tension 
The extent of muscle shortening was measured from optical records. Muscl 
strength was considered to be the maximal tension developed in response to eithe: 
direct stimulation of the muscle or of its motor nerve. Under the above experi- 
mental conditions the tension developed by normal muscle in response to nerve 
stimulation was approximately the same as that elicited by direct activation. 
At the conclusion of the strength measurements, the gastrocnemil were carefully 
dissected, weighed and analyzed for creatine. 

Observations were made in a series of animals concerning the time of onset 
and disappearance of fibrillary activity. This was done by the amplification ot 
action potentials led from needle electrodes buried in the intact muscle and from 
visual observation of the exposed muscles. The sensitivity of the affected 
muscles to intravenous injections of acetylcholine was determined in a numbei 


of animals. Such muscles were considered relatively insensitive to acetylcholine 
if the intravenous injection of 0.5 mgm. of acetylcholine failed to elicit a detect- 
able contracture response in the muscles of animals which had previously received 
injections of 0.1 mgm. atropine sulfate and 0.1 mgm. eserine sulfate. ' 

tEstLtTs. Fora period of 12 days after denervation the muscles underwent 
atrophy at a rate comparable to that found in muscles with sectioned nerves 


when reinnervation was excluded. The rate of weight loss was much slowe1 
between the twelfth and twenty-first davs (fig. 1). The continuance of some 
measure of weight loss after the onset of initial reinnervation is attributed to 
the fact that some muscle fibers made functional contacts with regenerating 
nerves sooner than others. Thus it appears as if for a certain period of time 
some fibers were undergoing regeneration while others were undergoing furthe: 
atrophy. 

The average values for the regeneration of muscle mass at 21 days and late 
times after denervation are given in table 2. The relationship of the rate of 
muscle regeneration to time for these periods has been found to be defined hy 
the equation: 


W.» 


k = t logio 
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where k is a constant calculated from individual data, ¢ is the time in days after 
denervation, W’,, is the relative mass of muscle cell phase in the normal contralat 
eral control muscle (85 per cent of the weight of the muscle), W, represents th 
relative mass of the regenerating muscle at time t and w equals the mass of non- 
muscle phase in normal muscle (15 per cent of the weight of normal muscle 
The correlation coefficient for 1/t and logy(W, — w) was found to be 0.85. It 
is interesting to note that the formula for regeneration resembles that found to 
fit the growth rates of albino rats (3). 

The total tension developed in response to direct muscle stimulation had 
decreased to 40 per cent of that in the contralateral control at the end of 12 
days (fig. 1). During this time the loss of strength was found to be precisely 
that lost by muscles with severed nerves. After the onset of reinnervation the 
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Fig. 1. A graph of the average values for the gastrocnemil at various times 


Che gastrocnemius muscle of the unoperated contralateral limb const 


muscles recovered strength. The recovery was due in part to an increased 
capacity ot the muscle fiber per unit of mass to develop tension and in a large 
measure to an increase in the size of the muscle with regeneration. 

The creatine concentration of muscle (table 1) for the first twelve davs following 
nerve crushing decreased by an amount comparable to that noted in muscle 
following nerve section (4). The restoration of muscle creatine is attributed 
to two factors, one related to an actual increase in concentration within the muscle 
cell, the other to an increase in the ratio of creatine rich muscle cell phase to 
creatine poor interstitial tissue. The latter factor appears to be chiefly responsi 
ble for the concentration changes taking place after 28 days. 

Muscular contraction could not be elicited through motor nerve stimulation 
prior to 12 days after denervation. The first detectable signs of reinnervation 
usually appeared at 12 to 15 days after nerve crushing. Satisfactory measure 
ments of the tension developed by muscle in response to nerve stimulation could 
be made after the eighteenth day. The tension values increased rapidly until 
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about the forty-second day and, thereafter, tended to parallel the rate of muscl: 
regeneration (fig. 1). 

Fibrillary contractions made their appearance at 48 to 72 hours afternerv: 
crushing and persisted until about the sixteenth to eighteenth day. The tim: 
of their disappearance was approximately that for the earliest signs of reinnerva 
tion as measured by the ability of the nerve to activate its muscle. The de 
nervated muscle displayed an increased sensitivity to acetylcholine. Following 


TABLE 1 


A summary of average values for control and experimental gastrocnemii 


| 
TENSION PER GRAM MUSCLE WHEN ACTIVATED THROUGH 
CREATINE IN MGM. PER 


TIME AFTER | NUMBEROF | 100 GMS. MUSCLE 
LESION ANIMALS Nerve Muscle | 
| Crushed Control Crushed Control | Crushed Control 

days gms. gms. gms. gms 

12 l4 1204 1877 340 452 
1s 14 657 1954 1506 2074 353 450 
21 33 728 1762 1469 1874 373 463 
25 34 928 142] 1364 1715 $10 458 
35 20 1311 1571 1684 1908 396 451 
42 9 1580 1820 1707 1877 

56 19 1442 1686 1620 1825 425 461 
S4 12 1502 1693 1538 1701 454 183 


TABLE 2 


The rate of muscle weight regeneration 


RELATIVE WEIGHT OF 


TIME AFTER DENERVATION, ¢ NUMBER OF ANIMALS REGENERATING MUS( LE,* W, RT 

days 

21 34 61.9 5.47 + 0.17 
28 13 72.4 4.83 + 0.38 
35 20 73.0 5.89 + 0.40 
42 9 79.0 5.24 + 0.51 
56 19 85.2 4.73 + 0.36 
S4 21 6.72 + 1.13 


* In per cent of that in contralateral control. 
t The values for k and standard errors are calculated from individual data. 


the onset of reinnervation this sensitivity when measured by the typical con- 
tracture response was found to decrease but some evidence of this state was still 
present as late as 35 days after nerve crushing. It is to be noted that the 
regenerating muscle exhibits an increased sensitivity to acetylcholine for a con- 
siderable period of time after the disappearance of fibrillary activity. 

The results of experiments (fig. 2) in which determinations of muscle weight 
and strength were made 28 days after denervation in groups of animals 60, 96, 
117, 180, 280, 292, 362 days of age at the time of operation indicate the influence 
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of age upon the rate of neuromuscular regeneration. The data indicate that 
regeneration was slower in the older than in the vounger animals and in certain 
age ranges (e.g., 96 to 117 days) a difference of only 21 days was sufficient to affect 
appreciably the regeneration rates. It is believed that these effeets were due in 
part to the réle of age per se in regeneration rates and in part to the greater dis 
tance required for nerve growth in the older and larger animals. ‘The importance 
of the distance factor is emphasized by the results of experiments in which the 
standard lesion was made in the nerve of one limb at the junction of the peroneal 
and tibial nerves and in the contralateral limb as close to the muscle as possible. 
This allowed for an average difference of 17 mm. in the lengths of the crushed 
nerves. Studies made 28 days after the operation showed that the muscles with 
distal lesions were more than 20 per cent heavier and stronger than those with 
the lesions at the higher levels. It is recognized that appreciable growth occurred 
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60 96 117 180 280 292 360 
DAYS of AGE at OPERATION 
Fig. 2. Average values for the determinations made 28 days after denervation on animals 
of different ages. 


in the muscles of the younger animals during the four weeks after operation. — It 
should be pointed out, however, that if corrections were to be made for any un- 
equal growth increments in the control and experimental muscles they would 
tend only to emphasize further the effects of age upon the velocity of regeneration. 
The slightly faster rates of regeneration in the female groups are of the order 
of that required by the slightly shorter length of nerve pathway in the smaller 
females as compared with that in larger males of the same age. 

Our results indicate that the extent and rate of muscle and nerve regeneration 
is remarkably constant in any group of rats of the same age, sex and body weight 
if attention be given to an exact location of the lesion. Whenever possible 
the contralateral limbs should be employed as controls for the regeneration 
experiments, i.e., lesions placed in the nerves of the two limbs, one serving as the 
experimental member, the opposite as its control. However, where this is 
impossible, as in drug and nutrition studies, it is necessary to employ animal 
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paired as to age, sex and body weight in order to allow a proper evaluation of any 


regeneration studies. 


SUMMARY 


A study has been made of regeneration in the gastrocnemius muscles an 
tibial nerves of more than 200 albino rats at 12, 18, 21, 28, 35, 42, 56 and 84 
days after denervation. 

Regeneration after nerve crushing was remarkably constant in animals of thi 
same age, sex and body weight. It was definitely slower in older than in younge: 
animals, 

The earliest signs of functional reinnervation appeared at 12 to 15 days afte: 
denervation. At approximately this time fibrillary activity had disappeared 
but an increased sensitivity to acetylcholine was noted for as long as 35 days. 

Muscle strength as measured by isometric tension responses to direct and 
indirect (nerve) stimulation increased rapidly after initial reinnervation until 
the thirty-fifth day. Subsequent recovery of strength was slower and was largely 
accounted for by the increase in muscle mass. 

The data for the rate of regeneration of muscle weight was found to fit a formu: 
essentially that expressing the body growth rate. 

At 84 days the muscles undergoing regeneration possessed from S80 to 90 
per cent of the creatine content, weight and strength of their contralatera! 
controls. 
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Studies on the respiratory metabolism of fishes have shown even prolonged 
treatment with thyroid substance fails to produce an increase in oxygen con 
sumption (Etkin, Root and Mofshin, 1940). In this respect the metabolism of 
fishes differs markedly from that of mammals. As to the effect of adrenalin on 
the oxygen consumption of fishes, we are not aware of any studies on this point 
To ascertain what such an effect might be we undertook the following investiga 


tions, the results of which indicate that fishes respond to adrenalin, as they do to 


thyroxine, in a manner quite different from that typically seen in mammals. 
These studies were made at the Scripps Oceanographic Institute of the Unive: 
sity of California at La Jolla. We are greatly indebted to Dr. F. B. Sumner and 
to Dr. H. U. Sverdrup and the other members of the stafi for the many courtesies 
extended to us while carrying on this work. 

Merruops. Because of its availability and size, Girella nigricans, a teleost 
fish common to the shore waters of the California coast, Was chosen for this work 
From stock animals well adapted to aquarium conditions fifty to ninety gram 
specimens were selected and carefully weighed before the experiments were 
begun. 

Oxygen consumption was determined by an open circuit method. The ap 
paratus consisted of a set of wide-mouthed bottles, with a capacity of about two 
liters, in which the animals fitted comfortably. While the fish were restless dur- 
ing the first few hours in the containers, ultimately they quieted down and re- 
mained practically motionless for protracted periods. Their stay in the con 
tainers varied from three to seventeen days. Experience taught us that feeding 
Was necessary if we wished to maintain them in good health for more than five 
or six days. In two instances experiments were done on the day after feeding 
and in neither case were the results significantly different from those obtained 
on animals that had fasted for twenty-four hours or more. 

The respiration chamber itself was placed in a bath the temperature of which 
was thermostatically maintained between 19.5°C. and 20.5°C. Sea water was 
circulated through the chamber at a fixed rate which was determined daily. 
The rate of flow from chamber to chamber varied from 100 to 200 ce./min. and 
when properly adjusted this rate did not vary more than 2 ec. during the cours 
of the day, providing the chamber was not disturbed. Special precautions were 
taken to prevent bubbles from forming in the bottles. When an occasional 
bubble did form the chamber was opened, the bubble removed and a day allowed 
for equilibrium to be reéstablished. Accumulated organic material such 
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feces, which appeared only after feeding or immediately after placing the fish 
the bottle, was treated in the same way. 

Samples of sea water were taken before and after having passed through tly 
chamber. Special flasks suitably designed for this purpose were used and thy 
usual precautions taken to prevent contamination with air. Oxygen determin 
tions were made with the Winkler method. Duplicate samples were taken and 
each sample was analyzed separately. From the differences in oxygen content 
of the inflow and outflow waters, and from the rate of flow through the chamb 
the amount of oxygen removed by the fish was readily calculated. This was 
expressed in ce./gm./hr. No attempt was made to determine carbon dioxid: 
production nor to calculate the respiratory quotient. 

Conceivably a certain fraction of the oxygen difference between inflow and 
outflow waters might be due to oxygen utilization by bacteria and plankto 


TABLE 1 


Oxygen consumption of girella nigricans in cc./gm./hr. 


DAYS IN RESPIRATION CHAMBER 


WEIGHT 


FISH NO 


9 | 10] 12 | 13 | 19 | 15 | 16 | 17 
gram | 
1A 61.5 10.143 0.110 0.137)0.120 0.105* 0.118)/0.094/0.123 0.113 0.068 
1B 81.0 0.110,0.099} * (0.167)0.165 
2A 51.2 (0.296.0.129 0.099/0.106'0.106'0.086 |0.129\0.131 0.197'0.142 0.095 
2B 68.9 0.146 * (0.199/0.135 0.159 
3A 52.9 * 0.063 0.119 0.100 0.120 0.103 
3B 78.5 |0.131 0.111 
4A 75.0 0.142'0.088 0.109)0.107 
56.5 0.220 0.140 0.218/0.203 0.244 
5A 59.0 0.116 0.119/0.096 0.102)0.104 
5B 78.5 (0.105 0.109/0.112 0.110 0.079'0.084 
6A 89.0 0.077/0.123 0.125/0.127 0.119|0.098 0.149 .0.105'0.098 
6B 90.9 * (0.141'0.130 0.127 
* Fed 


present in the sea water flowing through the chambers. Checks were therefore 
made on the oxygen content of the water before and after flowing through « 
chamber containing no fish. In no case was any significant difference obtained 
Therefore at the rate of flow used the oxygen consumption of any micro-or- 
ganisms present in the water was so slight as to be of little or no consequence and 
was therefore ignored in calculating the results. 

What might be called a resting or basal oxygen consumption was determined 
on each fish every morning whenever possible. This was not done if any bubbles 
had accumulated in the chamber during the night. Records of these dete 
minations are presented in table 1. They show the length of time required for 
each fish to adapt itself to the bottles and the daily fluctuations in their oxygen 
consumptions under the conditions of the experiment. Since the samples were 
always collected in the morning after an all night period of equilibration and 
before the animals were disturbed in any way by laboratory procedures the values 


are probably as near basal as it is possible to get with this method. These results 
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were used as control values for any experiment done upon the fish during that 
dav. 

Resutts. To know what effect adrenalin might have on oxygen consumption 
it was necessary to determine first how this might be changed by handling the 
fish preparatory to injection. Therefore a series of control experiments Was 
performed in which 0.5 to 1.0 ce. of sea water was injected intrape ritoneally in 
the same manner and amount as was adrenalin. ‘The fish were immediately re 
turned to the bottles after the injection and samples were collected from time to 
time. Since chloretone was present as a preservative in concentrations of 0.5 
per cent in the adrenalin used it was also necessary to determine what effect i 
inv this substance might have on oxygen consumption. ‘To this end 0.2 ce, to 
0.3 ec. of 0.5 per cent chloretone was injected in the fish, amounts equivalent to 


that introduced on the injection of adrenalin. ‘Table 2 summarizes the data 


TABLE 2 


Oxygen consumption im gire lla nigricans after control injections of 


or 0.4¢ chloretone 


Oxygen consumption in hit 


BEFORE MINUTES AFTER ID 
IN JI 
ram 
81.0 0.5 ec. sea water 0.110 0.159 
B 81.0 0.3 ec. chloretone 0.099 0.167 
\ 52.9 1 cc. sea water 0.119 0.157 11 
\ 52.9 0.2 ec. chlor 0.103 (0.098 0.124 0.125 ).102 
I 78.5 0.3 ec. chlor 0.131 0.174 0.178 0.147 1134 
4B 56.5 0.3 ec. chloretone 0.140 0.210 
4B 5 0.2 ec. chloretone 0.218 (0.208 0. 26¢ 0. 25¢ 0.244 
5B 78.5 0.5 cc. sea water 0.105 0.078 
5B 78.5 0.3 ce. chloretor 0.112 0.181 ).154 ).144 0. 12¢ 0.1 
\ 89.0 1 cc. sea water 0.098 0.166 124 
5B 89.0 0.3 ce. chloretone 0.105 0.115 


obtained from these control experiments. As the table shows the injection of 
either sea water or chloretone appreciably raised the oxygen consumption 
during the first hour following injection. Following this the oxvgen uptake 
either began to fall immediately or tended to remain at the higher level for about 
a half an hour longer, in both cases reaching the pre-injection level some two on 
three hours later. Since the effects of injecting sea water and chloretone were 
found to be the same, it was concluded that these concentrations of chloretone 
had no effect on oxygen utilization in these fishes. 

The results indicate that increased muscular activity of the fish aroused by 
handling was sufficient to produce a marked increase in oxygen Consumption 
It must be emphasized here that the method used does not precisely follow the 
changes in oxygen utilization. When for any reason the oxygen requirements of 
the fish change it takes some time for the chamber to establish a new equilibrium 
between this new value and the flow of water through the chamber. — It is doubt 
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ful whether this method ever exactly gives the true maximum or minimum unl 
this is maintained for som ne, but it does very definitely indicate the direct i: 
of the change and gives an approximately correct idea of its magnitude. 

To determine the effect of adrenalin upon oxygen consumption amounts vai 
ing from 1.0 ee. of 1/1000 to 0.2 ce. of 1/10000 adrenalin chloride were inject: 
intra-peritoneally, as in the case of sea water and chloretone. After injectior 

TABLE 3 
Effect of adrenalin upon oxygen consumption of girella nigricans 


Oxygen consumption in ec./gm./hr. 


MINUTES AFTER INJECTION 
ADRENALIN 


INJECTION 


105 | 120 | 135 


grams 

81.0 1000 ) 5 0.150 
10000 0.126 
10000 ) ) ( 0.145 
1000 7 0.12 0.138 


10000 ) 53 0.141 


1000 67 0.180 0.162 | Pale 24 hrs 
| after food 
1000 0.050 0.050 0.058 Splotch 
1000 0.176 0.201 0.171! 7 | Pale 24 hrs 
after food 
1000 10.109: Comatose 
| 75’, later re- 
vived 


1000 ).056 0.053 0.059 0.114 Splotchy 
‘1000 0.086 0.096 0.143 0.160 0.175 | | Splotchy, 
1000 ‘ 0.053 0.048 0.060 0.074 0.091 | Splotchy 
1000 0.144 0.075 Pale 
1000 0.104 0.122 0.119 Pale 


bo ty to 


1000 0.044 Died 

10000 073 0.050 0.043 Died gal 
bladder 
punctured 


on Injex 


tion 


1000 0.083 Died 
1000 0.049 Died 
1000 0), 0.122 Died 
1000 ).033 0.038 0.040 0.038 0.017) Died 


No color change 


the fish were replaced in the bottles and samples were taken at varying intervals 
and analyzed. The results may be divided into three groups as shown in table 3 

In the first group were fish which received the smaller doses of adrenalin. The 
fish falling into this category showed a change in their oxygen consumption which 
paralleled that seen in animals injected with sea water or chloretone. These 
fish also showed no color change on injection. As is well known adrenalin in 
adequate amounts produces a marked paling of teleost fishes due to a con- 
centration of all pigment within the melanophores. This paling occurs quite 


3 45 60 75 9) | 150) 165 

1B 
5B 0.114 
5B | 
6B 0.134 
6B 91.0 ).128 ).112 
1B 81.0 0.2 1 
iB 81.0 0.3 1 
2B 68.9 0.11 
§2.9 0.51 
76.8 0 1 
4B 56.5 0 1 
5B 78.5 og 1 
6A 89.0 0 1 
6B 91.0 0.81 
24} 51.2 | 0.51 
2B 68.9 | 0.21 
4A 75.0 1.0 1 
4B 56.5 0.2 1 
5A 59.0 1.01 
64 0.3 1 


EFFECT OF ADRENALIN ON OXYGEN 

l idependently of the color of the background or any 
rhe presence or absence of such a color response te ]~ 

ut in the blood in sufficiently high concentration 
\Ithough there is no proof that the dose of adrenalin capable 

ells is the same as that affecting the oxygen utilization of th 

asonably expect it to be at least of the same order of magnituck 

ason, together with the close resemblance to the responses seen in th 
nimals, it was concluded that the Inject d adrenalin had 

onsumption of these fishes because the amounts oiven Were 

The second group comprised those fish which either paled compet 
jection or else showed pale splotehe s on their sides Che latter are 
is “‘splotchy” in table 3. All these fishes without exception s 

dl in oxygen consumption, maximal about thirty minutes aft 
pre-injection level was not attained until two or three | 

<vgen consumption produced by the injection of adrenalin is a 

ng since, as has been shown, the injection of control an 

i definite rise. No atte mpt was made to relate the 

‘dose. We felt such an attempt would be futile t 

precautions we could never be sure how much of the inject 

nthe animal. On withdrawal of the needle a certain amount of ad 
ozed out of the puncture in the fish’s side. Animals in this group 
mtward change other than paling. This paling d and w 
v the original dark color about two hours after injection, coincident 
eturn of oxygen consumption to pre-injection levels. “This confirms 


that the two responses have approximately the same threshold 


The third group, the animals receiving the largest doses, behaved 


litferent manner. As was to be expected, thev all showed marked p 
ifter injection accompanied by a marked fall in oxvgen consumption 
instead of reversing itself within an hour or so, continued until the 
Death occurred anywhere from two to three hours after injection 
the dose of adrenalin injected was toxie. During the entire time up to an 
death the animal remained pale. 
Discussion. Adrenalin, then, in doses ranging from 1 cc. of | 
ee. of 1/10000 either depresses oxygen consumption in Girella or affects it not a 
all. The largest doses in this range are toxic and the smallest are ineffective 


The intermediate doses depress oxygen consumption without visibly affecting 


the behavior of the fish. The margin between lethal and non-lethal do 
appears to be narrow. This raises the question as to whether the obser 
response to adrenalin can have any physiological significance. We are not pre 
pared at the moment to answer this with any finality. 

The parallelism between the effective depressing dose on oxygen Consumption 
and the dose capable of concentrating the melanophore pigment is, however, 
striking and deserves emphasis. Whether adrenalin plays any plivsiologiess 
role in regulating color change is a controversial point. Certain fishes are 


known to pale when excited. In fact, the term ‘‘excitement pallor” is a common 
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one in the literature on color changes. But this does not necessarily mean tha 
excitement leads to the release of adrenalin, although the weight of the evidenc 
strongly favors this view. If adrenalin is responsible in fishes for ‘excitement 
pallor” it might also at the same time depress oxygen consumption. It would 
be interesting to know if adrenalin originating in the fish’s own body is capable o! 
doing this in the face of increased muscular activity, as is injected mammalian 
adrenalin. As a rule ‘excitement pallor’ in fishes is a transitory phenomeno1 
and lasts but a few minutes. 

The dose of adrenalin required to produce either a change in color or a chang: 
In oxygen Consumption in Girella is huge as compared to doses capable of pro-— | 
ducing responses in mammals. The adrenalin used in these experiments was ot 
course derived from mammalian glands. Whether adrenalin derived from fish 
chromaffin tissue (if such is possible) would have the same threshold as mam 
malian adrenalin is doubtful. It is dificult to believe that the adrenalin secret 
ing tissue of the fish would be capable of secreting such large amounts in such a 
short time. 

In the mammal adrenalin produces a rise in oxygen consumption of consider 
able magnitude and its release is generally held to be one of the mechanisms 
responsible for quickly increasing heat production. The fish, of course, is not 
confronted with the problem of regulating body temperature. Recently Barker, 
Fazikas and Himwich (1936) have shown that while adrenalin injected sub- 
cutaneously in the rat will markedly increase oxygen consumption, in the 
thyroidectomized animat similar doses produce a 20 to 25 per cent fall. No 
attempt was made to determine the degree of activity of the thyroid of the fishes 
used in our experiments. From what is known of other teleosts it 1s possible 
that this gland was physiologically inactive, a condition which might have some 
bearing on our results. 


SUMMARY 


Adrenalin when given intra-peritoneally in effective doses depresses the 
oxygen consumption of the fish, Girella nigricans. 
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Several methods, essentially the same in principle, have been used for deter- 
mining the circulating erythroeyvte and, especially, plasma volumes in ani- 
mals. 

Radioactive elements appear to have two advantages for such work. Their 
use need introduce no foreign compound and their determination is completely 
specific in any blood into which other radioactive elements have not been 
introduced. 

Radioactive iron combined in the hemoglobin of the erythrocyte (1, 2) has 
recently been used for determining erythrocyte volumes. [ron has the great 
advantage of essentially permanent retention within the cell, but requires a 
donor animal to furnish the cells. Hahn and Hevesy (3) have used radioactive 
phosphorus. Their method also specifies a donor animal to furnish cells con- 
taining the radioactive phosphorus as organie phosphate. 

Since phosphate containing the radioactive P® was available through the 
courtesy of Dr. John H. Lawrence, experiments were started with it but along 
simpler lines. Phosphate leaves circulating plasma very rapidly but it seemed 
possible that phosphate introduced into the erythrocytes in vitro would, after 
reintroducing the cells into the circulation, be retained long enough to be of 
value. That ordinary phosphate enters the erythrocyte and that it does so 
with a large temperature coefficient has been shown by a number of authors, 
most recently by Halpern (4) who also gives references to the earlier work. 
The large temperature coefficient indicates that the process is more involved 
than simple diffusion. This work has been confirmed with radioactive phos 
phate on rabbit (5, 6) and human (7) ervthroevtes. At 37°C. Aten and Hevesy 
report that 50 per cent of the radioactive phosphate entered rabbit erythrocytes 
in 3 hours while 22 to 44 per cent entered human erythrocytes in 4 hours. 

In the work here reported the net rates of transfer of radioactive phosphate 
into and out of rabbit ervthrocytes in vitro were studied first. The rate of loss 
was low enough so that similar experiments in vivo with cells containing radio 
active phosphate were worth trying. Data have therefore been obtained on 
the rate of loss of radioactivity from the circulating blood of rabbits into which 
such cells had been introduced. From these same data values for the cir- 
culating erythrocyte volumes and the apparent circulating blood volumes 
have also been caleulated. 

Metruops. For the in vitro experiments disodium hydrogen phosphate, 0.2 
to 0.4 mgm. per ml., containing P* was added to rabbit blood and a gas mixture 


containing 5 per cent carbon dioxide and_95 per cent oxygen or nitrogen wa 
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uubbled through it. The blood was then incubated at 37°C. with stirring | 
hand every 15 minutes and 0.1 or 0.2 ml. samples were withdrawn at varioi 
times. ‘The determination of the radioactivity! of the washed cells and of th 
plasma plus washings was done, after drving at 100°C., on a Geiger-Miilk 
eounter. 

The rate of loss of radioactive phosphate from ervthrocytes was determin 
on cells incubated under the conditions given above, washed with sodium chk 
ride solution and resuspended in fresh plasma containing no active phosphat 
The suspension of cells was then incubated as before and samples withdraw: 
at intervals. The cells of the samples were again washed and the radioactivit 
of the cells and of the plasma plus washings determined. 

White rabbits, three to five months old, were used for the experiments. A 
2 or 3 mi. sample of blood was drawn for each experiment, with 0.1 to 0.2 
per cent potassium oxalate as an anticoagulant, and the cells allowed to pick 
up radioactive phosphate as described above. After about 3 hours, the cells 
were centrifuged, washed, suspended in sodium chloride solution and a carefully 
measured volume (2-3 mls.) of the cell suspension was reinjected intravenously 
into the ear of the same rabbit from which the cells had been drawn. Samples 
of blood were then obtained from the opposite marginal ear vein at various times 
ifter injection to see how completely the radioactivity was retained in the cireu- 
lation. These samples were collected in 0.2 ml. pipettes containing anticoagu 
lant. The radioactivity was determined after the sample had been dried. 

The percentage of cells in the blood of each rabbit was determined afte: 
centrifuging the blood 20 minutes and 30 minutes at 4000 r.p.m. in 0.7 to 0.8 mm. 
capillary tubes. The average values obtained in each of two complete experi- 
iments done one week apart were 35.7 per cent (33.2-38.6) and 36.3 per cent 
34-38.9) cells. 

Resutts. The two lower curves in figure 1 show the maximum and minimum 
ates of entrance of retained radioactive phosphate in the last dozen experi- 
ments. The vertical codrdinate gives the fraction of the total radioactive phos- 
nhate added which remained in the cells after washing. 

The upper curves in figure 1 show representative rates of loss from cells. 
it is evident that the rate of loss in vitro is much slower than the rate of entrance 
under these conditions. Apart from old cells which gave anomalous results, 
only one experiment showed a rapid rate of loss. The slower rate of loss as 
compared to entry under these conditions is not especially surprising. It seems 
reasonable, for instance, that the gradient of inorganic phosphate containing 
P® mav be greater going into the cell because of reactions inside which maintain 
the radioactive inorganic phosphate at a low concentration there. Aten and 
Hevesy (5, 6) state that phosphate exchange in the more easily hydrolyzable 
portion (about one-half) of the ester phosphate fraction within the cell takes 
place veryv rapidly. 

Figure 2 shows the rate of loss of activity from the circulation in nine experi- 


'T am indebted to Mr. Marinelli for his co6peration in making available his experience 


and equipment for these determinations. 
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ents with rabbits. The activity is given in arbitrary units, the average of the 
umples withdrawn within 25 minutes having been set equal to 100 for eacl 
xperiment. Each individual value was then calculated relative to this. Thi 
uve as drawn represents the maximum rate of loss from the cireulation and 
hence the least favorable experiments. This loss was about 8 per cent in the 
21) minutes after the first sample. Each type of symbol represents a different 
xperiment and it is clear that several experiments showed a definitely slowe1 
ite of loss than this.- Since, at least in normal animals, samples may |. 
lrawn safely ten minutes after injection, this rate of loss is not too great fo 
determinations of circulating erythrocyte volume. Hahn and Hevesy (3) found 
(} per cent loss in 26 minutes from the soluble phosphate fraction and a 10 pe: 
cent loss in 60 minutes from the phosphatide fraction. 

From the same set of experiments the total circulating erythrocyte volum« 
ean be calculated. This volume in milliliters equals the total radioactivity in 
the injected cells (microcuries) divided by the concentration of radioactivity 
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microcuries/ml) in the cells of the blood samples taken after the injection. 
This concentration was taken as equal to the concentration in the whole blood 
samples (microcuries/ml) divided by the average hematocrit value (36 per cent 
The average concentration in the blood samples drawn within twenty-five 
minutes after injection was used for the calculation. Table 1 gives the data 
from seven experiments after dividing by the weight of the animal and reducing 
each value by 5 per cent to allow for extrapolation back to zero time. 

From the circulating erythrocyte volume, or directly from the original data, 
an apparent circulating blood volume can be calculated if it is assumed that the 
ratio of cells to plasma is constant throughout the circulation. The apparent 
circulating blood volume in milliliters equals the total radioactivity injected 
(microcuries) divided by the concentration of radioactivity (microcuries/ ml. 
in the blood samples. Arithmetieally this is the equivalent of dividing the 


2? Much of the random fluctuation within a single experiment is apparently due to er 
in the radioactive measurements The size of this error depends upon the intensity of the 
radiation in the different experiments unless a prohibitive amount of time is taken 
counting. 
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erythrocyte volume by the hematocrit reading of 36 per cent and gives 
average value of 53 + 4 mls./kgm. of body weight. 

Blood volumes calculated in this way are only “apparent”? because the caleu 
lation depends on a constant ratio of cells to plasma throughout the circulation 
According to the work of Whipple (8) and collaborators on dogs and of Fahy 
aeus (9, 10) this is not true, and such blood volumes may be svstematically ir 
error whether calculated by means of plasma or erythrocyte volumes. 

Hahn and Hevesy (3) report an apparent blood volume of 388 ml, kgm. and 
16 ml/kgm. in two rabbits using their method for erythrocytes. An averag: 
blood volume in rabbits of 70 ml/kgm. based on the dye method for plasms 
volume has been reported (11). One of the Hahn and Hevesy values is within 
the range of the present experiments but the other seems definitely lower. Thy 
discrepancy between all of the blood volume values based on erythrocyte and 
those based on plasma determinations is about the same as that previoush 
found (1) in the dog and ascribed to non-uniform erythroeyte distribution 


TABLE 1 


EXPERIMENT IRCULATING ERYTHRO 
IN MLS./KGM. OF BO 

20 

17 

IS 

99 

Is 

IS 

2] 


Average 19 


In conclusion, then, the method gives reasonable values for the rabbit as fan 
as the scanty data in the literature go. Previously described methods using 
radioactive elements obtain cells from donor animals which makes application 
to humans very difficult. The present method is, with minor changes, now 
being tried on humans with encouraging results so far. 


SUMMARY 


The measured loss from circulating rabbit blood of radioactive phosphate, 
contained in erythrocytes into which it had been introduced in vitro, was 
found to be fairly low in the period from 5 to 25 minutes after injection. This 


fact permits the use of such cells as the basis of a relatively simple method fo1 
determining circulating erythrocyte volumes in these animals. 


I am indebted to Doetor Failla for his discussions and for his helpful interest 
in the problem. I am also grateful to the Works Projects Administration for 
assistance given under Project 24. 
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Teel, Gaebler and Lee and their co-workers observed several years ago that 
pituitary extracts caused nitrogen retention in dogs (1, 2) and rats (3). Since 
the pituitary preparations available at the time were only partially purified, con- 
sisting of combinations of several of the pituitary hormones, it was not possible 
to attribute unequivocally the observed effects to the action of any one of the 
different constituents of pituitary extracts. Sufficient advance has recently 
been made in the separation of the six generally recognized pituitary hormones, 
so that one can now attempt to determine which components of pituitary ex- 
tracts influence nitrogen metabolism. The present paper reports experiments 
in which highly purified pituitary hormone preparations were compared as to 
their action on urine nitrogen in rats.? 

EXPERIMENTAL. Method. Total urinary nitrogen excretion was measured in 
normal “‘plateaued”’ female rats during a period of 24 hours. For collection of 
the urine, the animals were kept in cages equipped with screen bottoms, and a 
pan of corresponding size was put under each cage, containing a sheet of filter 
paper moistened with a solution of 3 per cent benzoic acid in 50 per cent alcohol 
as preservative (5). After termination of the collection period, feces were re- 
moved from the filters, and pan and filters washed repeatedly with hot water. 
The combined washings of each sample were made up to 1 liter, and then 1.0 cc. 
samples taken for micro Kjeldahl determinations of total nitrogen. 

It was considered important to keep food consumption identical for both ex- 
perimental and control rats. Two series of experiments were carried out. In 
the first, the rats were kept four in a cage, and they were fasted during the 
experimental period. In the second series the animals were kept in smaller 
cages, one rat per cage, and each animal of both experimental and control groups 
received 7 grams’ diet*, an amount which is only a fraction of the average daily 
normal food consumption. Any animal which did not eat the whole amount of 
food, was not included in the results. The food was given in glass containers 
with a special top to prevent loss through scattering. 

In one series of experiments, the effect of hormone treatment was to be studied 

! Aided by grants from the Research Board of the University of California and from 
the National Research Council Committee on Research in Endocrinology. Assistance was 
rendered by the Works Projects Administration—Official Project no. 65-1-08-62, Unit A-5. 

2 A similar investigation concerning effects of purified pituitary hormones on nonprotein 
nitrogen constituents of blood, was carried out recently by J. Fraenkel-Conrat, H. Fraenkel - 
Conrat and H. M. Evans (4). 

3 “Diet XIV” of this Laboratory: 67 per cent whole wheat (ground); 5 per cent fish oil; 
5 per cent casein; 10 per cent alfalfa leaf meal; 3 per cent NaCl; 10 per cent fish meal. 
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in the absence of the thyroid gland. For this purpose, female rats were thy- 
roidectomized! at 53 to 54 days of age’, and used about a month later for the 
experiments. Completeness of the operation was checked by determining the 
metabolic rate of the thyroidectomized animals; retardation of growth served as 
additional criterion. The site of operation was also carefully examined at au 
topsy for gland fragments. 

Hormone preparations. The hormone preparations were administered in saline 
solution, in two intraperitoneal injections, 4-5 hours apart, the first about one 
hour previous to the onset of the period of urine collection. 

The following hormone preparations were used: 1. Alkaline extracts of beef 
anterior pituitary, containing all known pituitary hormones. 2. “Globulin 
fractions’, obtained by precipitation at 0.5 saturated ammonium sulfate (6). 
These fractions contained most known pituitary hormones, with exception of the 
follicle stimulating hormone. 3. Purified pituitary growth hormone prepara- 
tions having a minimal effective dose of about 30 micrograms (daily, 10 day test 
in hypophysectomized rats) (7). In these preparations, follicle stimulating, 
interstitial cell stimulating, adrenocorticotropic and thyrotropic hormones were 
not demonstrable at 5 mgm. (total dose, 10 day test in hypophysectomized rats), 
and lactogenic hormone not at 20 mgm. (total dose, systemic crop test in 
squabs). 4. Purified pituitary thyrotropic hormone preparations®, having a 
minimal effective dose of 20 micrograms (total dose, 5 day test in chicks) (8). 
In these preparations, interstitial cell stimulating hormone was demonstrable 
at about 0.10 to 0.15 mgm. (total dose, 3 day test in hypophvsectomized rats), 
and small amounts of growth promoting activity at 5 mgm. (total dose, 10 day 
test in hypophysectomized rats). However, assays of thyrotropic hormone 
preparations for growth hormone contamination are equivocal, since thyroxin 
causes similar insignificant body weight increases, when given to hypophy- 
sectomized rats at “corresponding” doses’, and in view of the synergism between 
growth hormone and thyrotropic hormone reported recently (9). Therefore, 
the apparent growth hormone contamination of about 1 per cent ought to be 
considered only as a maximum value. 5. Purified pituitary lactogenie hormone 
preparations’, having a potency of about 30 international units per milligram 
(10). In these preparations no gonadotropic or thyrotropic hormones were de- 
monstrable at 100 mgm. (total dose, 10 day test in hypophysectomized rats), 
but a small amount of adrenocorticotropic activity. It is problematical whether 
an insignificant body weight gain resulting occasionally at these high dose levels 
was due to a contamination with growth hormone. 6. A purified pituitary fol- 
licle stimulating hormone preparation® which had a minimal effective dose of 20 
micrograms (total dose, 3 day test in hypophysectomized rats) and whose only 


4 Thyroidectomies were kindly performed by Dr. W. O. Reinhardt. 

‘> Only 4 out of 31 animals were about 8 months old at operation 

® Kindly supplied by J. Fraenkel-Conrat 

7 Dose levels comparable in their ability to raise the oxygen consumption in the hy 
pophysectomized rat. (H. Fraenkel-Conrat and V. V. Herring, unpublished.) 

8 Kindly supplied by Dr. W. R. Lyons. 

® Kindly supplied by Dr. H. Fraenkel-Conrat. 
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contamination was interstitial cell stimulating hormone (11). 7. A purified pi- 
tuitary interstitial cell stimulating hormone preparation’? which had a minimal 
effective dose of 10 micrograms (daily dose, 3 day test in hypophysectomized 
rats), and which was practically free of all other recognized pituitary hormones 
(12). 8. Commercial preparations of thyroxin, adrenal cortex extract and pro- 
tamine zine insulin." 

Resuits. The changes in urinary nitrogen excretion produced in fasting rats 
by successive dilutions of the “‘alkaline extract” and of the ‘‘globulin fraction”’ 
are shown in table 1. The data of this series were not treated statistically, since 
only 3 separate urine samples were obtained per group in each experiment (3 
cages per group, 4 rats per cage pooled). The results summarized in table 1 
indicate a drop in nitrogen excretion up to 32 per cent, which is in agreement 
with observations of previous authors (1, 2, 3). The response decreased with 
decreasing dose, but the correlation was not sufficient to provide a quantitative 
method for assay of the active principle. Such a high variation has been re- 
ported previously (2, 13). 

The results are, however, consistent enough to justify use of the method to 
investigate which components of pituitary extracts are responsible for the ob- 
served effects. For this purpose the nitrogen retaining power of highly purified 
pituitary hormone preparations was determined in fasted rats at a dose of 5 mgm. 
This was the lowest dose level at which the globulin “fraction”? had caused sig- 
nificant effects in fasted rats. The results, summarized in table 2, indicate that, 
of the purified pituitary hormones, growth hormone had the most marked effect. 
A smaller decrease in urinary nitrogen was produced by thyrotropic hormone, 
while lactogenic hormone caused a reduction of only 13 per cent, a result whose 
significance is questionable. That the observed effects are specific and not given 
by any protein, is shown by the negative results obtained after injection of 5 
mgm. follicle stimulating hormone or 20 mgm. casein. Thyroxin and adrenal 
cortex extract had no effects at the dose levels tested. 

In the second series of experiments, carried out with paired feeding, the 
amount of excreted nitrogen was larger and the sensitivity to injected hormones 
higher than in fasted rats. Under these conditions, the lowest dose of the glob- 
ulin fraction which caused significant effects was estimated to be one milligram. 
The purified pituitary hormones were, therefore, injected at 1 mgm. doses. As 
the rats were kept in separate cages, the number of urine samples collected sepa- 
rately was sufficient for calculation of standard errors. A result was considered 
significant when D = 3 X Sp (D = difference in urinary nitrogen excretion 
between experimental and control rats, Sp = standard error of the difference). 
Table 3 shows that growth hormone again had the most marked effect on nitro- 
gen retention. Thyrotropic hormone was next in potency causing a statistically 


significant decrease in urine nitrogen. Lactogenic hormone produced a 15 per 


1° Kindly supplied by Dr. C. H. Li. 
1 We are indebted to the Schering Corporation for erystalline thyroxin, to the Upjohn 


Company for adrenal cortex extract, and to Eli Lilly and Company for protamine zine in- 
sulin. 
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cent drop which was, however, not statistically significant. Interstitial cell 
stimulating hormone, thyroxin and insulin had no effect at the levels tested. 

Experiments carried, out in a similar manner with thyroidectomized rats are 
summarized in table 4 which indicates that both thyrotropic and growth hor- 
mones reduced urine nitrogen in the absence as well as in the presence of the 
thyroid gland. 


TABLE 1 


Effect of alkaline pituitary extract and ‘‘globulin fraction” on urine nitrogen in the 
fasted normal “‘plateaued”’ female rat 


Relationship of dose to response 


NUMBER OF RATS 


PITUITARY PREPARATION TOTAL DOSE CONT CHANG! 
IN URIS NITR 
Injected Controls 
mem 
Alkaline extract 20.0 12 14 32 
10.0 24 26 26 
5.0 12 12 24 
2.5 12 12 15 
“Globulin fraction’”’ 20.0 ll 16 22 
10.0 12 2 21 
5.0 60 56 19 
2.5 12 12 10 


TABLE 2 
Effect of purified pituitary hormone preparations, thyroxin and adrenal cortex extract on 
urine nitrogen in the normal ‘‘plateaued”’ female rat 


Injected and control rats fasted 


NUMBER OF RATS PER CENT 
HORMONE PREPARATION TOTAL DOSE HANGE IN 
Injected Controls URINE NITROGEN 
mem 

Growth hormone 5.0 32 36 24 
Thyrotropic hormone 5.0 24 24 19 
Lactogenic hormone 5.0 12 12 13 
Follicle stimulating hormone 5.0 12 12 3 
Thyroxin 0.2 1] 12 5 
Adrenal cortex extract 1.0 ec.* 24 20 7 
Casein 20.0 12 16 5 


* 1.0 ec. adrenal cortex extract contains ‘‘not less than 2.5 rat units.’ 


Discussion. The results summarized in tables 2 and 3 show that purified 
growth hormone preparations had the greatest effect on nitrogen retention of any 
of the known pituitary hormones. This confirms the concept of earlier workers 
(1, 2, 3,13) that growth hormone is the pituitary factor responsible for a positive 
nitrogen balance. 


It can be seen, however, from tables 2 and 3 that growth hormone was not the 
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only component of unfractionated pituitary extracts which reduced urine nitr 
gen. Purified thyrotropic hormone also caused significant nitrogen retentior 
though the effect was smaller than that of growth hormone. Since purific 
thyrotropic preparations cause only insignificant body weight increases in hy 


pophvsectomized rats, this finding was rather unexpected, and it was consider 


important to investigate, whether the action of the thyrotropic hormone prepara 


tion on nitrogen retention was mediated through the thyroid gland. For thi 


TABLE 3 


Effect of purified pituitary hormone preparations, thyroxin and protamine zinc insulin o 


rine nitrogen in the normal “‘plateaued”’ fe male rat 


Injected and control rats on identical food intake 


PER CEN 
CHANGE IN 
URINE NITRO 
AND STANDAR 
ERROR 


HORMONE PREPARATION TOTAL DOSE 


Growth hormone 

Thyrotropie hormone 

Lactogenic hormone 

Interstitial cell stimulating hormone 
Thvyroxin 

Thvroxin 


Protamine zine insulin 


* Units 


TABLE 4 
Effect of purified pituitary thyrotropic and growth hormones on urine nitrogen in the 
thyroidectomized rat 
Injected and control rats on identical food intake 

TOTAL DOSE NUMBER OF RATS PER CENI 

HORMONES INJECTEI MGM. PER 100 GRAMS CHANGE IN 

BODY WEIGHT* URINE NITROGEN 
Thyrotropic hormone 


Growth hormone 


* Since rats of two different weight groups were used, the hormones were administered 
in proportion to their body weights. 


purpose two series of experiments were performed. The action of thyrotropic 
hormone was studied in thyroidectomized rats, and the effect of thyrotropic hor- 
mone in normal animals was compared with that of thyroxin. The results ob- 
tained with thyroidectomized rats indicate that purified thyrotropic hormone 
decreased urine nitrogen even in the absence of the thyroid gland, as far as can 
he judged from the limited number of animals (table 4). On the other hand, 
thyroxin, given to normal rats at ‘‘corresponding” levels had no effect on nitrogen 
retention (tables 2 and 3). (This finding does not represent a contradiction to 


Injected Controls 
mem 
1.0 2b 23 24 +5 
1.0 5S 57 7 +5 
1.0 38 39 15 +6 
1.0 7 5 +3 
0.1 12 12 {+4 
0.03 12 12 ++ +6 
20° 10 15 7 +6 
0.4 7 S -22 
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the well established fact that high dose levels of thyroid hormone cau 
loss (14), since in the present work only relatively lov 
stered.) These results support the concept that the 


1 


mone on nitroge n retention is not mediated through the thvroid g 


The action of thyrotropic hormone on urinary nitrogen excretion 
lated with similar effects on blood nonprotein nitrogen. Blood u 
icid levels in particular are lowered by this hormone, as found 
lraenkel-Conrat et al. (4). Blood a-amino acids are decreased in 
us well as in the presence of the thyroid gland. 

It is problematical whether the observed effects of thy rotropic horm 
rations on nitrogen metabolism which are not mediated by the thyroid glat 
due to an intrinsic property of the thyrotropic hormone itself, or to 
mone contaminating the thyrotropic preparations. ‘These preparati 
known to contain some interstitial cell stimulating hormone and pro! 
than 1] per cent growth hormone. The former can be eliminated, since 
interstitial cell stimulating hormone had no effect on urine nitrogen (ta 


1 


The amount of growth hormone present in thyrotropie hormone prepa 
probably too small to account for the observed effects. The question wheth 
the action is due to the thyrotropic hormone itself, or to an unknown contamina- 
tion is, however, still open, and can only be settled when the thyrotropic hot 
mone is isolated in pure form. 
The effect of purified pituitary lactogenic hormone on nitrogen retenti 

even smaller than that obtained with thyrotropic hormone, and the average 
standard error of this group of experiments was so large that the results cannot 
be regarded statistically significant according to the criterion defined. How 
ever, since the lowering of urine nitrogen was observed repeatedly and, since the 
effect was consistently larger than that elicited by any of the remaining hormones 
examined (the pituitary follicle stimulating and interstitial cell stimulating hor 
mones, thyroxin, insulin and adrenal cortex extract) it seems inadvisable com 
pletely to disregard this action of lactogenic hormone on nitrogen balance. Per- 


haps study of urinary nitrogen excretion in hyvpophysectomized rats may bring 
creater clarity on this point. 


SUMMARY 


The action of anterior pituitary hormones on urinary nitrogen excretion was 
studied in the normal “‘plateaued”’ female rat. 

Unfractionated pituitary extracts caused a marked decrease in urine nitrogen. 

Purified pituitary growth hormone preparations induced a similar drop in uri- 
nary nitrogen excretion. 

Purified pituitary thyrotropic hormone preparations caused a signi 


smaller reduction in urine nitrogen. This action is probably not mediat 
the thyroid gland. 

Purified pituitary lactogenic hormone preparations had an even smaller effect 
on nitrogen retention, statistically not significant, although consistently larger 


than that obtained with the remaining hormones examined. 
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Purified pituitary follicle stimulating and interstitial cell stimulating hor- 
mone preparations, thyroxin, adrenal cortex extract and protamine zine insulin, 
at the dose levels tested, were without effect on urinary nitrogen excretion. 
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EXPERIMENTAL HUMAN VITAMIN A) DEFICIENCY AND THE 
ABILITY TO PERFORM MUSCULAR EXERCISE 


GEORGE WALD, LUCIEN BROUHA ann ROBERT E. JOHNSON 


From the B ological Laboratories and the Fatique Laborato i of Harvard Unive 
teceived for publication June 13, 1942 


In the course of studies on experimental human vitamin A deficiency one of 
us (G. W.) held five young men on a diet very poor in vitamin A for a period of 
about six months. Measurements were made at regular intervals of the sub 
jects’ cone and rod dark adaptation, the vitamin A and total carotenoid content 
of the plasma, and the carotene and xanthophyll content of the feces. The 
results of these experiments are abstracted in the present paper and will be pre 
sented in detail elsewhere. 

It seemed desirable to examine these subjects also as part of a program under 
way at the Fatigue Laboratory to determine the effeets of various ty pes of diet 
on human physical fitness and fatigue. Two series of exercise measurements 
were therefore performed upon the subjects, one after several months on the 
deficient diet, the second some six weeks after the return to a normaldiet. The 
present paper is concerned primarily with the results of these latter measure- 
ments. 

Merruops. The subjects were medically normal college students. During 
the entire experiment they maintained their ordinary classroom routines, living 
for the most part a sedentary existence. For 30 days before going on the defi 
cient diet all of them supplemented their normal diets with about 75,000 [.1 
of vitamin A daily. They therefore began the deficient diet with what wer 
probably very high reserves of vitamin A. 

Four of the subjects started upon the vitamin A-low diet abruptly on Novem- 
ber 4 to 6, 1940; the fifth (AL) on December 2; and all of them remained on this 
diet for almost exactly six months. In general they were advised to eliminate 
from the diet all colored vegetable material, all dairy products exeept fat-free 


milk, and liver and kidney. They were guided in immediate detail by the food 
charts of Eddy and Dalldorf (1), copies of which were distributed to them, and 
used as principal further reference the tables of Daniel and Munsell (2). An 
attempt was made to keep the total vitamin A intake within about 100 1.0. per 
day. This may be compared with the estimated minimal requirement of about 


1500 1.U. daily, and the daily allowance of 5000 1.U. per day recently recom 
mended by the Committee on Food and Nutrition of the National Research 
Council (3). 

This vitamin A-low diet was supplemented daily with the following factors: 
brewer’s yeast containing at least 140 1.0. of vitamin B; and 70 Sherman Units 


1This research was supported in part by a grant to G. W. by the Josiah Macey, 
Jr. Foundation. 

We are grateful for the assistance of Messrs. Gordon Allen and Howard C. Goodman, who 
served as volunteer subjects in the experiments 
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of B.; 50 mgm. of ascorbic acid; about 1300 U.S.P. units of vitamin D (irradiat 


ergosterol); 2 grams of dicalcium phosphate; and a preparation containing 32 


mgm. of iron and 0.64 mgm. of copper as gluconates. 


Iexce pt for small and te MpOrary decreases In weight which in no ease exceed: 


ve pounds, all the subjeets maintained their initial weights. Even the 
transient decreases, which appeared due to lowered caloric intake in the peri 
just after the diet had been altered, were repaired within a few weeks on ¢] 
deficient diet. 

Two or three times each week throughout the entire period of the experime) 
the complete dark adaptation curve was measured by methods previously di 
scribed (4). About once a week samples of blood were drawn and the carotenoi 
and vitamin A content of the plasma were determined. At least once each wee 
a sample of feces was analvzed for carotene and xanthophyll. Since it h 
been shown that under the best conditions for absorption about 60 per cent « 
ingested carotene is excreted in the feces, these measurements vielded an obje: 
tive check on the carotene content of the diet (5). 

\fter the subjects had been on the deficient diet for 3 to 43 months their ability 
to perform moderate and heavy muscular exercise was determined with th: 
standard Fatigue Laboratory treadmill test: 15 minutes’ walk at 3.5 M.P.H 
on an 8.6 per cent grade; 10 minutes’ rest; run to exhaustion or up to 5 minutes 
at 7 M.P.H. on an 8.6 per cent grade; and recovery followed for 20 minutes afte 
the run. 

Measurements were made of the sitting heart rate and blood pressure befo 
the walk; continuous heart rate during and aiter the walk and the run; ventila 
tion during the walk and the run; oxygen consumption during the walk and th 
run; and blood lactate during the walk and after the run. 

At the close of the period on the vitamin A-low diet the subjects returned to a 
normal diet supplemented with vitamin A. After at least six weeks of this they 
were tested on the treadmill as before. 

OBSERVATIONS. Within one week after starting the deficient diet the feces 
carotene of all subjects had fallen to about one per cent of its previous values 
Shortly afterward the plasma carotenoids were found to have decreased from 1 
to 2 ugm. per ce.—the normal level—to at most about 0.5 ugm. per ee. and in 
some instances traces which could not be measured accurately. These factors 
follow the immediate diet closely. 

The plasma vitamin A however maintained its initial maximal levels (1.57 to 
2.97 1.U. per ee.) in all subjects throughout the entire period on the deficient 
diet. The threshold of the completely dark adapted rods—the first to rise in 
vitamin A deficiency (4)—also remained constant and minimal in three subjects 
throughout the course of the experiment. In two subjects it rose very slowly 


2 We are indebted to the Abbott Laboratories of North Chicago, IIl., for supplies oi 
Brewer's Yeast Tablets, ascorbie acid, viosterol, and diecalcium phosphate; and to the 
MeNeill Laboratories of Philadelphia for supplies of their iron-copper-calcium gluconate 


preparation, Triglucon. 
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n the deficient diet: in MeA about 1.1 log unit and in Ms about 0.7 log unit 
Three s ibjects therefore Traive no objective e\ idence of vitamin A deficiene 
ie other two only moderate increases in visual threshold following six months 
vitamin A deprivation. 
At the close of the deficiency period the subject McA was given 25,000 1.1 
vitamin A as halibut liver oil orally. Four hours later his final rod threshold 
had fallen about 0.3 log unit He remained on the deficien \ diet, supple mented 
with 25,000 I.U. of vitamin A daily. After 15 davs his threshold had descended 
total of 0.75 log unit, and was still about 0.35 log unit above normal. Th 
vitamin A supplement Was Increased to 75.000 I.U. dailv: after another 11 davs 
the threshold had reached normal. At the end of the deficiency period Ms was 
given 50,000 I.U. of vitamin A orally in the form of carotene in cottonseed oi 
After 8O minutes, and on testing again after five davs, his threshold had not 


changed appreciably. He returned to his normal diet supplemented with 60,000 


I.U. of carotene daily. After 28 davs his threshold still had not changed 
-ignificantly. 

These results are comparable with the slow cures of experimental night-blind- 
ness observed under almost identical conditions by Hecht and Mandelbaum (6 
und by McDonald and Adler (7). They differ strikingly from the very rapid 
reversals of night-blindness frequently obtained in similar experiments and 
apparently prevalent under clinical and field conditions (8). They indicate 
some deep-seated lesion the development of which may be peculiarly favored 
by the conditions of the present type of experiment perhaps the sudden and 
acute onset and long continuance of the deficient diet, and the sharp restriction 
of the deficiency to vitamin A alone. 

The results of the treadmill experiments follow: 

A. Reaction to moderate muscular work (walking). In measurements made 
while the subjects were on the vitamin A-low diet no significant differences from 
normal appeared either during or following mild muscular work. Specifically 
there was practically no difference between these and the post-deficiency meas- 
urements with respect to heart rate during and after the walk; blood pressure 
after the walk; and ventilation, oxvgen consumption, respiratory quotient, and 
blood lactate during the walk. 

B. Reaction to exhausting exercise (running). The deficient diet appeared to 
have no significant effect on the ability to perform exhausting exercise of short 
duration. Specifically there were no definitely significant differences between 
the deficiency and post-deticiency measurements of duration of effort; heart 
rate during and after the run; blood pressure after the run; ventilation, oxvgen 
consumption and respiratory quotient during the run; and blood lactate in 
mediately after the run. 

C. Quantitative indices of fitness fo moderate and for exhausting exercise In 
dices of fitness based upon significant physiological variables have recently been 
proposed by Johnson and Brouha (9) and by Johnson, Brouha and Darling (10 
The “work index” is defined as the duration of effort in seconds minus the may 
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mal heart rate during the effort plus the blood lactate. The “recovery index” 
is defined as: 

Duration of effort in seconds * 100 


2 sum of pulses from 1-13, 2-23, and 4-43 minutes during recovery 


Both indices rise with improvement in performance. It should be emphasized 
however that only in exhausting work do they allow accurate ranking of subjects 
in comparison with one another. Under such conditions ‘work indices”? above 
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Fig. 1. Work and recovery indices in mild and exhausting exercise for five subjects 
3-44 months on a vitamin A-deficient diet, and about six weeks after the return toa normal 
diet supplemented with vitamin A. 


—50 are good; from —50 to —150 are average; and below —150 are poor. 
“Recovery indices” above 75 are good; 40 to 75 are average; below 40 are poor. 
In moderate exercise these indices are valuable only for comparing the same 
subject with himself from time to time. 

Figure 1 shows these indices for the present subjects in the deficiency and post- 


deficiency periods. The walk indices show no significant changes except in one 
subject (McA) for whom they were lower on the normal diet. The indices for 
running show no significant change in any subject. It is noteworthy that of the 
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PHYSICAL FITNESS AND VITAMIN A ddd 


two subjects who yielded some positive evidence of vitamin A deficieney— rise in 
visual threshold—Ms vielded the highest and MeA the lowest indices in both 
periods. The slight changes in the scores of these subjects in the two test 
periods lie within the ordinary week-to-week variation found in persons on a 
normal diet. Subject Go resumed his usual spring athletic activities shortly 
after the first test had been performed, and his slightly improved score in the 
second test was probably the result of training. 

D. Subjective impressions. During the period of deficiency only one subject 
(MeA) complained of abnormal fatigue and lassitude. This was the subject 
who also exhibited the greatest rise in visual threshold. After returning to a 
normal diet he reported feeling definitely better, vet he performed no better than 
previously on the treadmill. 

The remaining subjects reported no special impressions during the deficiency 
period. After resuming the normal diet they all declared that they felt better 
and that the running test on the treadmill was easier. Yet only two of them 
showed any actual improvement, very slight in both cases. 

Discussion. Following a period of high vitamin A nutrition which permits 
the accumulation of large internal reserves, sedentary human subjects can 
tolerate almost total deprivation of vitamin A for periods as long as six months 
without developing objective or subjective evidences of deficiency. The main- 
tenance of plasma vitamin A at its maximal levels in all subjects throughout this 
interval implies that at its close the internal reserves were still sufficient to keep 
the tissues optimally supplied. Yet it is significant that two of the subjects who 
displayed no measurable decrease in plasma vitamin A still exhibited moderate 
increases in the visual threshold. This is just the reverse phenomenon of that 
recently reported by Bodansky, Lewis and Haig (11), in which the final rod 
threshold was normal in cases exhibiting low plasma vitamin A. Apparently 
either situation may occur, depending upon circumstances not vet wholly 
appreciated or controlled. 

Neither the subjects who exhibited rise in visual threshold nor the others in 
the present experiments displayed any significant impairment in the ability to 
perform exhausting exercise after 3 to 44 months on the deficient diet. It is of 
course possible that men doing hard physical labor or exposed to rigorous en- 
vironmental conditions such as extreme heat or cold might have responded dif- 
ferently. In any ease the results of these experiments are in marked contrast 
with those obtained with sedentary subjects deprived of the vitamin B com- 
plex, who showed within three weeks svmptoms of abnormal fatigabilitvy and 
measurable physical deterioration (12). 


SUMMARY 


1. Following 30 days of high vitamin A nutrition, five voung men were main 
tained on a diet extremely low in vitamin A for a period of about six months. 
The A-deficient diet was supplemented with brewer’s veast, ascorbic acid, 
vitamin D, caleium phosphate, iron and copper. At regular intervals the cone 
and rod dark adaptation were measured, and the concentrations of vitamin A and 


| 
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total carotenoid in the plasma, and of carotene and xanthophyll in the feces wer 
determined. 

2. Within a week on the A-deficient diet the fecal carotenoids had fallen t: 

about 1 per cent of their previous values. Shortly afterward the plasma carot 
enoid also was found at very low levels. The plasma vitamin A levels, how 
ever, maintained their initial maximal values throughout the entire deficiency 
period. The visual thresholds of three of the subjects also remained constant 
and minimal; in two subjects they rose slowly to final levels 0.7-1.1 log unit 
above normal. 
3. After 3 to 45 months on the deficient diet, and again about six weeks afte) 
the return to a normal, A-supplemented diet, the physical fitness of the subjects 
for moderate and exhausting exercise was determined. No significant differences 
in performance were found. 


t. It is concluded that relatively sedentary subjects initially well supplied 
with vitamin A may undergo as much as six months of vitamin A deprivation 
without developing objective or subjective evidences of vitamin A deficiency. 
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In previous studies:from this laboratory it has been shown that the level of 
liver glycogen increases in normal rats which have been treated with diethvl- 
stilbestrol (1) and that this increase is more pronounced in castrates than in 
normal rats (2). These observations were confirmed by Griffiths, Marks and 
Young (3), and Ingle (4) has reported that the administration of stilbestrol to 
normal non-glycosuric rats frequently produced a mild glycosuria. 

The question arises as to the manner in which stilbestrol produces these effects 
on carbohydrate metabolism. Since it seems assured that it does not act through 
the gonads (2) the possibility exists that it may act directly upon carbohydrate 
metabolism or indirectly through some organ or organs. In view of the fact that 
fasting adrenalectomized or hypophysectomized animals show low carbohydrate 
levels (8, 12) it is possible that stilbestrol acts through the medium of one of these 
glands. This idea receives support in the fact that stilbestrol mimics the effects 
of cortical hormone on carbohydrate levels. In an examination of this possibil- 
itv, stilbestrol was administered to a series of animals in which the adrenals or 
pituitaries had been removed. This study has been reported in preliminary 
form (Janes, 5) 

Merxops. Observations on 32 adrenalectomized rats of the Sprague-Dawley 
strain are reported. When adrenalectomy was performed the periadrenal fat 
was excised widely to insure the removal of adjacent accessory adrenal tissue 
Our experience with this strain has shown that accessory tissue occurs Occasion 
ally, but with much less frequency than in most other strains. Following the 
operation, the rats were given Rubin-Krick solution and, in addition, some 
groups of animals were maintained on 3 mgm. desoxycorticosterone acetate 
(DCA)? daily or on adrenal cortical extract*, 3 ec. twice daily. These doses, 
particularly for DCA, are more than enough to maintain otherwise untreated 
adrenalectomized animals in good health, but relatively huge amounts of cortical 


hormone are required in adrenalectomized animals which are under stilbestrol 


treatment. Subcutaneous injections of stilbestrol’ (100 micrograms daily) were 
initiated about 3 days following operation and were continued for 16 to 18 days 
Hypophysectomized rats were given 5 per cent glucose as drinking water and 


1 This investigation was aided by a grant from the Committee on Research in Endocrin 
ology of the National Research Council. 

2 Supplied through the kindness of Dr. Erwin Schwenk, Schering Corporation 

3 Supplied through the kindness of Dr. Oliver Kamm, Parke, Davis & Company. 

‘ Supplied through the kindness of Dr. Richard Johnson, Frederick Stearns & Company 
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fed a stock diet of pellets supplemented by greens. Treatment with stilbestrol 
(50 micrograms daily) was started three days after the operation and was con- 
tinued for 14 days. 

At the end of the experiment, adrenalectomized animals were fasted for 24 
hours and hypophysectomized animals for 12 hours. The last injections were 
given on the day preceding the fast. Immediately before the animals were anes- 
thetized with sodium amytal, blood samples were taken from the tail vein for 
determinations of blood sugar by the Shaffer-Hartmann-Somogyi micro-method. 
Following anesthetization, the gastrocnemii were dissected free and, together 
with samples of liver, were frozen quickly in a mixture ‘of carbon dioxide and 
ether and prepared for the determination of glycogen levels by the method of 
Good, Kramer and Somogyi (11). The gonads, adrenals and pituitaries, when 
present, were removed, weighed and fixed for microscopic examination. Urine 
was collected in 5 per cent sulphuric acid during the fasting periods and was used 
for the determinations of non-protein nitrogen by the micro-Kjeldahl method. 

tesuLts. <A. Effects of stilbestrol on adrenalectomized rats. Three series of 
experiments were set up to test the effect of stilbestrol on adrenalectomized rats. 
The first series included untreated controls and animals treated with stilbestrol, 
but not maintained with cortical hormone. In the second series, the rats re- 
ceived the same treatment with the addition of Eschatin. The animals of the 
third group received stilbestrol and were maintained with desoxycorticosterone 
acetate. Controls, which did not receive stilbestrol, were studied in each series 
(table 1). 

The mortality rate of the rats in series 1 was very high. Of 15 untreated 
adrenalectomized control animals only 6 survived for 18 days. Only 4 of 21 
adrenalectomized animals which were treated with stilbestrol survived for 18 
days. When 3 cc. Eschatin twice daily (series 2) or 3 mgm. desoxycorticoster- 
one acetate (series 3) was administered it was possible to counteract the effects 
of stilbestrol and to maintain the animals throughout the experimental period. 

Blood sugar levels were low in untreated adrenalectomized rats but were some- 
what improved in animals which received injections of cortical hormone. In 
animals which were treated with both stilbestrol and cortical hormone the blood 
sugar levels were low. 

All adrenalectomized animals, regardless of treatment, showed low values for 
liver glycogen at the end of a 24 hour fast. Rats which did not receive cortical 
therapy showed reduced muscle glycogen values (table 1, series 1), while rats 
which received this therapy, especially those treated with DCA, showed normal 
or slightly elevated muscle glycogen values. The reason for this effect is not 
clear. 

Although extreme care was used in removing the adrenals and periadrenal fat, 
in a few rats some hyperplasia of accessory adrenal cortical tissue was observed. 
This accessory tissue was not sufficient, however, to maintain life or to preserve 
normal fasting carbohydrate levels. 


Urinary nitrogen values showed considerable variation in each series of adrena- 
lectomized animals (table 1). It should be noted that treatment with stilbestrol 
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produced no constant or significant changes in urinary nitrogen. This is in con- 
trast to the results observed in intact or castrated animals which have been 
injected with stilbestrol for comparable periods (2). 

The weight of the pituitaries was not affected by adrenalectomy in the control 
animals of series 1. However, the pituitaries of animals treated with cortical 
extract or DCA showed an increase in size and those of all animals which received 
stilbestrol were even larger. 


TABLE 1 
Averages of adrenalectomized rats treated with 100 micrograms diethyl-stilbestrol daily 
for 16-18 days 


WEIGHT 


TREATMENT GLYCOGEN URI WE 
NUMBER OF BLOOD ‘ NaRY N 
ANIMALS SUGAR LAST 
24-HR RY TESTES AR 
4+ HR 
Cortical hormone Stilbestrol F451 Liver Muscle 
gram ram ram 
mom mom i i 
mom mcm 
grams per per . cram ram cram 
per ceni ent ent bod 
wetcnl weight weicnl 
6 None None 217 #5382+10*, 53 276) 0.695.0.0046 0.976.0.0235 
None Stil. 182 44414 54 242 0.8890.0093 0.3240.0367 
) 
Eschatin 3 ce None 193 67414 49 0.829.0.0067 0.0238 
2X daily 1) 
Eschatin3ece., Stil. 150 37  0.856.0.0094 0.0420 
2X daily (3) 
7 DCA 3 mgm None 216 58+9 12. 452 0.7190.0060) 1.115 0.0169 
daily 3 (4 
DCA 3 mgm. Stil. 193 42413 | 22 32 0.679.0.008S8) 0.792.0.0390 


daily 


* Standard deviation. 


2 b 


** Numbers in parentheses are number of animals. 
+ Mem. grams body weight. 


The testes of the adrenalectomized rats were normal in size, but those in ani 
mals treated with stilbestrol showed considerable damage and loss in weight. 
After adrenalectomy the ovaries were reduced in size and showed small follicles, 
but following treatment with stilbestrol the ovaries were increased in size and 
exhibited large corpora lutea. The mammary glands of the latter animals 
showed marked stimulation. In these regards the response to stilbestrol is simi 
lar to that seen in normal and thyroidectomized animals (6, 7 

B. Effect of stilbestrol on hypophysectomized rats. Stilbestrol produced toxic 
\ccordingly, 


the dosage was reduced to 50 micrograms daily, the animals were treated for only 


manifestations when administered to hypophysectomized rats 


14 days, and the fasting period was limited to 12 hours at the end of the experi 
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ment. Despite these measures only 12 of 24 operated animals survived the ex- 
perimental period. Controls for this series included groups of untreated norm 

and stilbestrol-injected normal animals. These were subjected to the sam: 
periods of treatment and fasting as the hypophysectomized rats. In norma 
animals (series 1, table 2) blood sugar levels were higher in the normal rats than 
in the rats under treatment with stilbestrol. However, the values for liver gl\ 

cogen of the animals which had been injected with stilbestrol were higher tha: 
in the normal rats. Muscle glycogen was unaltered. Urinary nitrogen values 
were high for both the control and experimental animals of series 1. The fact 
that these determinations were made from the total urine that was excreted dur 


ing the 12-hour fast and calculated on the basis of a 24-hour period may account 


TABLE 2 
Averages of normal and hypophysectomized rats treated with 50 gamma diethyl-stilbestrol 


daily for 14 days 


WEIGAT WEIGHT 


GLYCOGEN URI- WEIGHT WEIGAT | WEIG! 
- ADRE 


TREATMENT OF 
\ M > 0 PI 
NIMAL SUGAR N FOR PITU NALS 


— Liver Muscle 24 HR ITARY 


mem 
grams per =f t | gramst 


ent 


Controls 226 5! 35 1.021 


Stilbestrol LS7 1. 236.0.0059.0.0219, 0.820 
(4 


Hypophysectomy, 17 2: 0.0109) 0.406 0.0217 
(4 

Hypophysectomy 2 0.0089 0.3420.0185 

Stilbestrol 


* Standard deviation 
** Numbers in parentheses are number of animals 
7+ Grams/100 grams body weight. 


for the high values. The pituitaries and adrenals were increased in size after 
treatment with stilbestrol and testes were decreased in size. Mammary glands 
were stimulated. 

Hypophyseetomized animals in series 2 were given the same treatment as the 
normal animals in series 1. Following hypophysectomy the carbohydrate levels 
were decreased and were not altered significantly by treatment with stilbestrol. 
Urinary nitrogen was decreased in both treated and untreated hypophysecto- 
mized animals. 

The adrenals underwent atrophy following hypophysectomy and were not 
enlarged with stilbestrol treatment. Testes and ovaries were smaller in hypo- 
physectomized rats, a condition which was aggravated only slightly by treatment 
with stilbestrol. Mammary glands were atrophic. 


STES |OVAR 
2) 
mom 
5 
Series 2 12 
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Discussion. Stilbestrol produced definite toxic manifestations when admin- 
istered to adrenalectomized or hypophysectomized rats. These effects were 
evidenced by the inability of the rats to withstand treatment for many days, by 
their intolerance to long fasts, and in a greater loss of weight than is usually seen 
in animals treated with stilbestrol. Since continued treatment with stilbestrol 
in doses of 50 to 100 micrograms daily produces mild anorexia and loss of weight 
n normal animals, an aggravation of these effects in adrenalectomized and 
\vpophysectomized animals is not surprising. 


However, adrenalectomized rats withstood the injections of stilbestrol and 
were maintained in good physical condition when they were given desoxycortico 
sterone acetate or Eschatin. It should be noted that about six times as much 
DCA is required to maintain animals which are also receiving stilbestrol as is 
required in otherwise untreated adrenalectomized animals. The dosage ot 
Eschatin was not large enough and the treatment was not intense enough to pro 
duce the elevation in carbohydrate levels which has been described by Long, 
Katzin and Fry (9). 

The blood sugar and liver glycogen levels were low and variable in all adrena 
lectomized rats. The administration of Eschatin, and to a lesser extent of 
DCA, raised the blood sugar levels slightly in otherwise untreated adrenalecto- 
mized animals, but had no apparent influence on liver glvcogen. In adrenalecto 
mized animals which were maintained on Eschatin or DCA the administration of 
stilbestrol lowered slightly the values for both blood sugar and liver glycogen. 
This may be due to the anoretic condition of all animals which are treated for ap- 
preciable lengths of time with stilbestrol. Under ordinary circumstances the 
decreased consumption of food is not reflected in the carbohydrate levels since 
compensatory mechanisms, which appear to be influenced by adrenal cortical 
hormones, not only overcome the deficit, but actually increase the levels of car- 
bohydrates (1, 2). However, in the absence of the adrenals these mechanisms 
are not operative and the primary effect of stilbestrol is uncomplicated by com- 
pensatory processes. 

Blood sugar and liver glycogen levels were extremely low in fasted hypophy- 
sectomized rats and were not altered significantly in animals which were treated 
with stilbestrol. Muscle glveogen values were decreased in animals treated with 
stilbestrol and are comparable to the levels observed in adrenalectomized ani 
mals which did not receive treatment with DCA or Eschatin. It is app: 
that stilbestrol is unable to exert an effect upon carbohydrate metabolism in 
absence of the hypophysis. 

On the basis of the experiments reported here it is possible to formulate a 
theory to explain the mechanism whereby stilbestrol raises the levels of earbohy 
drates in the rat. Since the substance is ineffective in adrenalectomized o1 
hypophysectomized animals it is apparent that each of these glands must be in 
volved in the mechanism. It seems probable that stilbestrol stimulates the 
hy pophysis to release some factor, perhaps the adrenotrophie hormone, which in 
turn stimulates the adrenal cortex to produce considerable quantitic s of some 


cortical hormone or hormones, presumably of the type characterized by hay 
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an atom of oxygen attached to carbon 11. Such cortical hormone or hormones 
are effective in promoting glyconeogenesis and the deposition of glycogen in the 
livers of fasting animals. This latter action of cortical hormones has been dem- 
onstrated by Britton and Silvette (8) and by Long, Katzin and Fry (9). Further 
support for the theory presented here is found in the fact that stilbestrol induces 
a marked enlargement of the adrenals in normal and castrated rats, but is without 
effect in hypophysectomized animals. The argument may be advanced that the 
adrenals enlarge in response to the introduction of a toxic substance, but the fact 
remains that this increase does not occur in hypophysectomized animals. Fur- 
thermore, adrenal cortical extracts will maintain carbohydrate levels in hypo- 
physectomized rats (9). 

The theory which is offered to account for the corticomimetic action of stilbes- 
trol was suggested in an earlier report (Janes, 5). It is noteworthy that, on the 
basis of acute experiments, data which confirm and extend this idea were pre- 
sented by Fry, Miller and Long at the annual meeting of the Association of Inter- 
nal Secretions in Atlantie City, June 9. 

These experiments offer further evidence that adrenal cortical compounds of 
the desoxycorticosterone type, i.e., those lacking an oxygen atom on carbon 11, 
do not affect carbohydrate levels (10). 


SUMMARY 


The effect of diethyl-stilbestrol on carbohydrate metabolism has been studied 
in adrenalectomized and hypophysectomized rats. The following observations 
were made and on this basis certain conclusions have been drawn: 

1. Fasted adrenalectomized rats show low carbohydrate levels and these levels 
were not improved following the administration of stilbestrol. 

2. When adrenalectomized rats were maintained with desoxvcorticosterone 
acetate or small amounts of Eschatin, the blood sugar values were improved only 
slightly and liver glycogen levels were unchanged. Muscle glycogen values 
were normal or slightly elevated. The administration of stilbestrol to adrenalec- 
tomized rats maintained with cortical hormone failed to effect an increase in 
blood sugar or liver glycogen levels. 

3. Fasted hypophysectomized rats showed low carbohydrate levels and the 
administration of stilbestrol failed to increase these levels. 

1. These data indicate that stilbestrol exerts its effect on carbohydrate levels, 
particularly liver glvcogen, by stimulating the release of adrenotrophiec hormone 
from the hypophysis. This latter factor, in turn, stimulates the production of 
adrenal cortical hormone, of the type characterized by an atom of oxygen on car- 
bon 11. We believe that it is such adrenal cortical hormone which produces the 
effects on carbohydrate levels that have been described following the administra- 
tion of stilbestrol. 
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It has been shown in the dog (1, 2) and man (3) that assessment of rena] 
excretory function may be made by the combined use of the foreign substance~ 
inulin and diodrast. The use of inulin as a measure of glomerular filtration ha- 
been established over a wide range of species (1, 4). In combination with 
inulin, the use of diodrast as a measure of effective renal blood flow (2, 5) and 
tubular excretory mass (5, 6) has been widely applied. 

It has recently been shown that certain hormones exert morphological effect- 
on the kidney (7). The literature on this question has been reviewed by 
Selye (8). Physiological effects of hormones on the kidney are suspected, 11 
not in all cases known; for example, the rdéle of the kidney in adrenal cortical 
disease, the effects of the posterior pituitary hormones on diuresis, of thyroxin 
on diuresis, and the still debated réle of the kidney in parathyroid disturbances 

It therefore seemed of interest to try to apply, for use in the rat, the method- 
of renal investigation devised by Smith and co-workers for the dog, since foi 
hormone studies the rat possesses specific advantages over the dog. Aftei 
prolonged methodological study, in which numerous procedures were attempted, 
found unsatisfactory and discarded, the following method was evolved. 

Certain major modifications which must be introduced in the application o1 
the method to the rat are the following: a. A longer period for the collection 
of urine must be used than is necessary in larger animals. 6. Priming and then 
sustaining infusions of diodrast and inulin could only be given to anesthetized 
rats, and for long periods this would be neither feasible nor could such animals 
be considered normal. The intravenous injection of inulin was attempted ai 


first, as this substance is known to be poorly absorbed in other species (9), but 
it was found that the slope of disappearance from the blood varied so much from 
animal to animal that mid-point values gave inconstant and impossible results. 


Later, both inulin and diodrast were administered by subcutaneous injection, 
from which diodrast is well absorbed and from which inulin is also sufficiently 
well absorbed in the rat, particularly if one waits long enough for the peak blood 
value to be reached before starting the urine collection period. In this case 
we found the slope of fall to be more uniform and gradual, and a mid-point value 
more accurate and reliable. c. In the rat methods must allow for the obvious 
limitation that one cannot withdraw repeated samples of blood. 

Procepure. Male albino rats weighing more than 125 grams were used in 
all cases. At zero time diodrast to give the desired plasma concentration was 
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DIODRAST AND INULIN IN ESTIMATION OF RENAL FUNCTION 


administered. We found that 0.0002 cc. of diodrast per gram body weight, for 
each milligram per cent of I desired would give approximately the correct leve! 
The diodrast to be administered is made up to 4 ec. with 2 per cent sodium sul! 


phate and injected subcutaneously. At twenty minutes, 2 cc. of 2 per cent 


inulin in physiological saline, warmed to body temperature, is given subcu 
taneously together with 1.5 ce. of inulin intraperitoneally. (The inulin is pre- 
treated by adsorption on charcoal followed by hot filtration through a Seitz 
EK filter to remove pyrogen.) At sixty minutes the animal is placed in a 
special holder and the penis foreskin is ligated. The holder consists of a coil 
-pring, which is applied to the dorsum, and is connected to wire nooses which 
are slipped over the upper jaw and hind limbs. Before ligation care must be 
taken that the bladder is empty. 

Although the excitement caused by setting the holder in place usually causes 
voluntary micturition, complete emptying is ensured by manual expression ot 
the bladder; the thumb is pressed firmly into the pelvis and then moved slowls 
upwards. This is repeated and the penis dried with absorbent before ligation. 
‘The ligature is a purse string suture and the knot is tied over a copper wire 
insert which can later be pulled to free the tie. The collection period must 
begin exactly at sixty minutes, hence the above manipulation is started a few 
minutes beforehand. 

At eighty-five minutes the animal is anesthetised and 1.5 ec. of blood is with- 
drawn from the carotid artery, using a 24 gauge needle and heparin as an 
anticoagulant. The blood is immediately centrifuged. This mid-period blood 
must be completely drawn at ninety minutes. 

At 112 minutes the animal is placed over a funnel, the ligature is removed 
from the urethra, and the urine collected when and as it flows until 120 minutes. 
Manual expression is usually used to ensure complete collection. The time from 

‘start of collection to the time of obtaining the last drop is the collection 
pe riod. 

When F was to be estimated the animal was immediately anesthetised at thi 
end of the collection period and 1.8 ec. of blood drawn from the remaining 
carotid artery. This blood was carefully removed from the syringe to avoid 
aeration, and immediately gentrifuged in a capped tube. Following this the 
plasma was removed, 0.3 ec. was reserved for diodrast analysis and the remain 
der ultrafiltered for 3 hours at pCO, 40 mm. Hg, and 37°C. The diodrast 
concentration in the ultrafiltrate was then determined. Small collodion bags 
for this purpose were made in centrifuge tubes and a small area at the bottom 
of the bag thus made was used. 

Chemical determinations. Diodrast is determined according to the method 
of White and Rolfe (10) using 0.0025 N sodium thiosulphate for urine and 
0.0005 N tor plasma. The urine volume is noted immediately after collection 
and made up to 50 ee. with water, and 1 cc. aliquots of this are used in the deter 
mination, while 0.5 ce. of plasma filtrate is used in the determination of the 
plasma. Inulin is determined according to the method of Corcoran and 
Page (11) using 0.2 ec. of veast-treated plasma filtrate and 0.2 ce. of yeast 
treated urine diluted as above. 
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Calculations. Clearances for both diodrast and inulin are determined by the 
formula C = UV/P and are expressed in the tables as cubic centimeter per gram 
body weight per minute. Clearances were calculated per unit of surface area, 
using Meeh’s formula for the rat (12), but we found that this offers little advan- 
tage since the proportionality with body weight is as good. 

The rate of tubular excretion, 7, is the difference between the total excretion 
per minute, and the quantity excreted by filtration (5), i.e., 


T = UV — PIWF 


where P is the quantity of solute in each cubie centimeter of plasma, 7 the 
concurrent rate of glomerular filtration as measured by the simultaneous inulin 
clearance, W the fraction of water in the plasma, and F the fraction of solute 
which is free in the plasma and therefore available for filtration. For the 
accurate determination of Ff the adsorption isotherm for diodrast in rat plasma 
should be determined and related to plasma albumin, but because of circum- 
stances beyond our control we were unable to do this and hence approximated 
F by the method outlined above in a few experiments only. For all other 
experiments a mean value of 0.62 was used. This latter was considered valid 
only at the lower plasma values where a difference of +0.2 in F would give a 
maximum difference of only +0.0001 mgm. in 7. W was determined from 
per cent plasma protein 
— 
protein per cent in our rats was 5.63 + 0.43, W was 0.94. According to the 
accepted terminology the maximal rate of tubular excretion is designated as 
Tmp (5). 
Resvutts. Table 1 summarises our complete findings on a series of 31 ani- 
mals. The mean value for inulin clearance is 0.0027 ec./gm.b.wt./min., with a 
deviation from the mean of +0.0006 or 22.2 per cent. 


the formula W = 1 Since the average plasma 


In table 2 we have summarised and analysed the data for diodrast clearance. 
The results are first grouped for comparison with spreads of 2 mgm. per cent 
being considered a unit, except for group 6 in which a spread of 3 mgm. per 
cent I is considered as a unit because of the scareity of the data at this level. 
The analysis shows no difference between groups 1, 2 and 3, and again no dif- 
ference between 4.and 5. Group 6 probably represents an intermediate between 
5 and 7 since there are only 5 chances in a hundred that it is part of group 5, 
and less than 1 chance that it is part of group 7. Further analysis shows that 
on regrouping, II is significantly different from either I or III. Accordingly 
we can plot from these data only 3 points on the curve of diodrast clearance 
against plasma concentration, a, below 10 mgm. per cent I where effective blood 
flow is not measurable; b, a range of clearance certainly between 10 and 14 mgm. 
per cent I where renal blood flow is measurable, and c, a depressed clearance 


range above this level. From the data in the group with plasma levels bet ween 
10 and 14 mgm. per cent it would appear that the mean renal blood flow is 
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0.033 ee./gm.b.wt./min. This represents about one-third of the total cireu 


lating blood volume in the rat if 7 per cent of body weight is used to determine 
the value of the latter term. 


TABLE 1 
Inulin Diodrast 
l 160 60 0.3 37.5 4.4 0.0022 0.0101 0.00039 
2 157 58 0.1 31.0 5.0 0.0026 0.0080 0.00033 
3 154 58 0.1 36.0 S.7 0.0034 0.0095 0.00043 
} 180 60 0.2 15.0 5.9 0.0029 0.0140 0.00073 
5 178 60 0.2 31.0 6.3 0.0024 0.0096 0.00049 
6 126 60 0.1 37.5 7.4 0.0028 0.0080 0.00047 
7 162 60 0.3 17.5 7.6 0.0026 0.0110 0.00073 
Ss 133 60 0.1 50.0 7.8 0.0037 0.0109 0.00067 
9 152 5S 0.2 12.5 8.0 0.001] 0.0119 0.00090 
10 150 60 0.5 10.0 S.9 0.0028 0.0112 0. 0008S 0.50 
1] Is] 60 0.2 31.0 9.1 0.0044 0008S 0.00059 
12 155 60 0.1 10.0 9.5 0.0016 0.0079 0.00065 
13 176 58 0.5 25.0 10.1 0.0027 0.0171 0.00158 
14 1SO 55 0.2 35.0 10.1 0.0017 0.0111 0.00100 0.76 
15 135 5S 0.2 52.5 10.8 0.0025 0.0120 0.00116 
16 185 60 0.5 30.0 10.8 0.0024 0.0142 0.00133 
7 195 60 0.6 42.5 10.9 0.0023 0.0120 0.00117 0.66 
18 200 60 0.6 42.5 11 2 0.0031 0.0133 0.00133 0.50 
19 200 60 0.7 37.5 11.5 0.0031 0.0160 0.00169 0.46 
20 178 5S 0.4 25.0 13.0 0.0034 0.0149 0. 00160 0.69 
21 205 55 0.4 26.0 13.3 0.0032 0.0114 0.00131 0.53 
22 195 60 0.5 25.0 14.6 0.0024 0.0143 0. 0018S 64 
23 ISS 63 0.5 31.0 16.1 0.0026 0.0104 0.00146 0.71 
24 176 51 0.6 36.0 17.8 0.0027 0.0117 0.00168 
25 175 60 0.5 35.0 18.8 0.0082 0.0109 0.00156 
26 192 62 0.5 33.2 23.3 0.0022 0.0070 0.00127 0.77 
27 200 60 0.5 30.0 23:3 0.0025 0.0063 0.00108 0.70 
28 165 65 0.6 20.0 25.4 0.0086 0.0096 
29 160 60 0.4 50.0 30.7 0.0035 0.0070 
30 150 70 0.4 2.6 33.9 0.0033 0.0069 
31 180 5S 0.4 25.0 35.6 0.0032 0.0061 0.00169 0.50 
Mean 0.0027 0.62 
+0. 0006 
Similarly we have summarised and analysed the data for 7’ as above. Again 


there was no statistical difference between groups 1, 2, 3 on the one hand and 
groups 4, 5, 6 and 7 on the other, while these two groups taken together showed 
that above 10 mgm. per cent I the tubular excretion is significantly higher than 
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below this level. The average of the data for JT obtained from animals wit! 
plasma levels above 10 mgm. per cent I is 0.00142 mgm./gm. b.wt./min., whil 
o is +0.00024 or 17.6 per cent. On this basis it appears that above this plasm 


TABLE 2 


PLASMA | CLEAR PROBABILITY PROBABILITY 
;ROUP ow 
pioprast| ance | CROUP | MEAN | Groups | | serween GROUPS 


cc./gm./ 
min. 


0.0101 

(0.0080 0. ~2 p>0.05 
| 1-3 p>0.05 
0140) 4 p<0.05 
0096 2-3 p>0.05 
0080) 0099! 2-4 p<0.05 | 0.0101 
.O109 
0119 | 3-4 p<0.01 
0100 


0171 5 p>0.05 


-6 p<0.05 

.0120)_ | II-I p<0.01 

.0142 II-III p< 0.01 

0120 II 0.0133'+0.0021) 15.8 
0133 

0160 


0114 5-6 p<0.05 
.0148 


.O117 ) O110 
0109 


0063 
0096 0.0090 
OOTO 
0069 
0061 


level the calculation yields Tmp. The data computed according to surface 
area yield an average maximum clearance for diodrast of 78.7 ec./min./M° 
for plasma and Tmpy of 8.4 mgm./min./M?. 


|| H 
4.4 ( 
5.9 
6.3 
7.4 
7.6 
7.8 
S.9 
9.1] 
9.5 
0.1 
10.1 
10.8 0 
10.8 0 
10.9 0 
11.2 0 
11.5 0 
13.0 
14.6 0 
16.1 0 
23.3 iO 
23.3 {0 
25.4 0 
30.7 10 
33.9 iO 
35.6 
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SUMMARY 


A method for estimating renal function in the rat by the simultaneous 
if diodrast and inulin is presented. 


Data for the normal rat indicate an average inulin plasma clearancs 
().0027 ce./gm. body weight /min., diodrast plasma clearance of 0.0133 ce 
min., Tmp of 0.00142 mgm./gm./min.; Cp/Tmp averages 9.3, and Cyy/C 
0.20 (or as Filtration Fraction 20.02 per cent). 
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In 1941, Wakerlin and Johnson (1) reported a fall in blood pressure occurring 
in four hypertensive dogs following daily intramuscular injections of hog renin 
over a period of several months. The serums of these treated dogs neutralized 
the acute pressor effect of renin in assay animals. More recently these authors 
(2) have reported that preliminary injections of renal extracts into dogs whos 
renal arteries were subsequently constricted by means of clamps, appeared to 
diminish the degree of hypertension that usually follows this type of kidney 
manipulation. Other workers (3), however, employing crude and purified renin 
solutions prepared in a different manner from those of Wakerlin and Johnson, 
failed to confirm their findings. In view of the conflicting results concerning 
the efficacy of daily renin therapy in hypertension, it was deemed advisable in 
this laboratory to repeat the experiments of Wakerlin and his co-workers as 
closely as possible, using a, a kidney extract prepared according to their direc- 
tions, and b, a purified renin extract. 

Metuops. The method of producing hypertension in the majority of the 
animals employed in the study was similar to the technic of the Wakerlin group 
and has been described previously (4). 

Seven hypertensive dogs were subjected to daily injections of kidney extract 
for a period of three to four months. Three of them (dogs 13, 28 and 30) re- 
ceived by intramuscular injection purified renin (fraction D) (5), and the re- 
maining four (dogs 5, 27, 29 and 32) received by the subcutaneous and intra- 
muscular route a relatively crude renin prepared according to the directions of 
Wakerlin and Johnson (6), hereafter referred to as W-J renin. The daily dosage 
was equivalent to one gram of fresh kidney cortex per kilogram of body weight. 

The ability of the plasma of injected animals to neutralize the pressor effect 
of renin was measured according to the method of Wakerlin and Johnson (1). 

RESULTS AND piscussion. The prolonged injection of purified renin or W-J 
renin into seven hypertensive dogs was not followed by any significant change in 
their blood pressures (table 1) or in the ability of their blood plasmas to neutralize 
the pressor effect of renin (table 2). As indicated in table 2, there was con- 
siderable monthly variation in the pressor effect of a standard renin solution, 
after a preliminary 24 hour refrigeration with the blood plasma of these hyper- 
tensive dogs. Whether this variation was due to erratic responses of different 
test dogs or to fluctuations in the antirenin content of their plasmas is not known. 


' Aided by a Grant from the Dazian Foundation for Medical Research. 
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TABLE 1 


The effect of daily injections of renin upon the blood pressure of h jpertensive dogs 


AVERAGE ARTERIAL BLOOD PRESSURE 
DURATION 


OF HYPER DURATION Before renin injections During renin injections HANGE IN 
DOG NO TENSION OF BLOOD 
BEFORE INJECTIONS PRESSURETTt 
IN JE CTIONS Ist to4th Sth to&th 9th to 12th 13th to 
weekt weekt weekt 16th weekt 
tension tension 
Receiving purified renin 
days day mm. Ilg mm. Hig mm. Ilg mm. Ig mm. Hg mm. He per cent 
13 90 123 112 176 165 168 162 167 5.0 
28 67 123 110 173 161 150 159 160 ¥ * 
30t 54 74 124 163 176 190 226 L385 
Receiving W-J renin 
5 115 114 113 1S] 196 193 192 17S 2.0 
2 113 119 138 ISS 190 191 ISS 199 +6.0 
29 102 119 128 167 166 164 167 1S4 +10.8 
32 95 96 134 172 173 179 183 +6.5 


* Average blood pressure of the week preceding the kidney operation. 

** Average blood pressure of the week preceding the start of daily renin injections 

t Average blood pressure during the four week interval 

t Died of uremia 10.5 weeks after daily renin injections were instituted. 

tt Per cent change of last average blood pressure from average hypertensive pressure 
before renin injections were started. 


TABLE 2 
Pressor effect of a standard renin solution when injected into anesthetized dogs following its 
refrigeration* with plasma of hypertensive dogs receiving daily injections of renin 


MAXIMUM PRESSOR RESPONSE OF TEST DOGS** TO REFRIGERATED RENIN-PLASMA MIXTURE 


PLASMA USED During renin injections 
Before renin 
injectionst End of 4th End of 6th End of &th End of 12th End of 16th 
week week week week week 


Receiving purified renin 


mm. Hg mm. Hg mm. llg mm. mm, lig 
13 40 30 54 10) 
28 37 30 28 26 
30 32 28 


Receiving W-J renin 


~ 


5 83 54 6S 26 42 
27 53 40 a0 10 3S 
29 38 42 36 69 62 
32 24 36 76 22 


* Two volumes of plasma were refrigerated with one volume of renin. For assay put 


poses, each normal dog received the equivalent of 0.5 grams kidney cortex per kilo body 
weight. 

** Anesthetized, nephrectomized dogs used as test animals for purified renin group; anes 
thetized, normal dogs used as test animals for W-J renin group 

t One day prior to administration of renin. 

+ 


t Died of uremia 10.5 weeks after daily renin injections were instituted 
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The plasmas of dogs 20 and 32 showed no increase whatever in their ability t 
neutralize the vasopressor effect of renin, while dogs 5 and 27 showed som 
increase In antirenin content at the end of the third and fourth months. 
Although a reduction in the blood pressure of hypertensive dogs could not } 
obtained in our laboratory by means of the prolonged injection of renal extract 
containing a high potency of renin, there are many reports concerning the 1 
duction in blood pressure by the administration of other types of kidney extract- 
(7,8, 9), by the subcutaneous transplantation of kidney tissue (10), and by thy 
injection of tyrosinase solutions obtained from mushrooms (11). While ther 
may be some specific depressant at work in all of these experiments, there is also 
the strong possibility that the effect is due to a non-specific factor. In this last 
connection, it may be mentioned that whereas recently we have obtained a r 
ductionin the blood pressure of several hypertensive dogs following the adminis 
tration of a kidney extract prepared according to the method given by Page and 
associates (8), this reduction was usually accompanied by toxic reactions which 
in severe cases appeared very similar to actual left ventricular failure (rapid 
respiration, tachyeardia, pulmonary edema). Severe untoward symptoms were 
noted also by Williams et al. (7) following the reduction in hypertension induced 
by the parenteral administration of renal extracts. So far, there has been little 
evidence presented as to the mechanism whereby these extracts are effective. 


SUMMARY 


The daily injection of purified and W-J renin into seven hypertensive dogs for 


a period of three to four months was not accompanied by a significant reduction 


in blood pressure. In the majority of the dogs, also, there was no increase in the 
ability of their plasma to neutralize the pressor effect of renin. 
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In previous papers we reported the results of experiments in which a single 


carbohydrate, fat or protein constituted the sole source of nourishment for rat 
Richter, Holt and Barelare, 1938; Richter, 1941). Survival time and spon 


taneous activity were used to measure the nutritional value of common repre 


sentatives of each of the three main classes of foodstutfs. The rats lived longe: 
on dextrose (57 days) than on any of 6 other carbohydrates; longer on saltless 
butter (53 days) than on any of 7 other fats; and longer on a casein digest (47 
days) than on any of 4 other proteins. 

In the following experiments dextrose was selected for a more detailed study 
on larger groups of animals using definitely improved single food choice methods 
Studies were also made of the effect produced on survival time and energy out 
put of these dextrose rats by giving them access to thiamine hydrochloride. — In 
a preliminary study Holt and Kajdi (1939) reported that access to this vitamin 
prolonged the life of rats kept on a single food dextrose diet. They did not 
measure activity or any other effects. We have repeated these experiments, and 
have also ineluded a comparison of hydrated with anhydrous dextros: Records 
were made of the daily intake of the dextrose, thiamine hydrochloride, and water; 
also of the effects produced by this diet on the vaginal smears and body-weight. 

Meruops. The individual all-metal cages used for these experiments con- 
sisted of a living compartment 11 x 3} x 5 inches, made of § inch mesh wire 
cloth, and of a } inch mesh revolving drum 123 inches in diameter and 6 inches 
wide, with a cyclometer attached to the axle to record revolutions of the drum 
in either direction. The living compartment contained a food cup designed to 
eliminate spillage and two inverted graduated 100 ce. bottles. At least once 
every 10 days the drums and cyclometers were tested by recording the number of 
revolutions of the drum produced by a standard impetus (the foree exerted 
by the fall of a 675 gram weight as it turns a 3} inch pulley attached to the end 
of the axle of the drum through 270°; each drum was set to turn at least 60 
revolutions under these conditions). This test made certain that all of the 
drums turned with essentially the same ease, and that the eyclometers worked 
freely to give an accurate record of the running activity. 

In almost all instances the rats deposit their feces in the revolving drum rathe 
than in the living compartment. As the drum revolves the feces quickly reach 
the 3 inch space between the drum and the central partition and fall through to 

1These experiments were supported by a grant from the Corn Industries Research 
Foundation. 
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the pan supported several inches below and beyond the reach of the rats. Since 
the completion of the previous experiments, it has been discovered that the wooden 
dise drums that were then in use did not in all instances prevent the rats from 
reaching their feces. Warping of the wooden dise made the space between the 
edge of the running drum and the central partition wider on one side of the 
drum than on the other, thus making it possible for the rats to reach through to 
the pan several inches below to pick up their feces. This coprophagy probably 
accounts for the longer survival time of the rats in the previous than in the 
present experiments. The consistency of the results of the present experiments 
suggests that this defect has been remedied. 

The rats, aged 41 to 58 days, were placed in the activity cages, and given free 
access to tap water and the standard stock diet made according to the following 
formula: graham flour, 72.5 per cent; skim milk powder, 10.0 per cent; casein, 
10.0 per cent; butter, 5.0 per cent; calcium carbonate, 1.5 per cent; sodium 
chloride, 1.0 per cent. 

Approximately 15 days later, when they had reached an average weight of 
140 grams (119 to 163 grams) and showed regular 4 to 5 day vaginal smear 
eveles, they were divided into four groups and started on the single food choice. 
That is, they were given free access to tap water and either (1) anhydrous dex- 
trose, or (2) dextrose hydrate, or (3) anhydrous dextrose and a 0.02 per cent solu- 
tion of thiamine hydrochloride, or (4) dextrose hydrate and a 0.02 per cent solu- 
tion of thiamine hydrochloride.” 

Records were made daily of the running activity, vaginal smears, and of the 
intake of the stock diet or dextrose, thiamine hydrochloride solution and water. 
Body-weight was recorded weekly. The thiamine hydrochloride solution was 
made fresh weekly and changed in the bottles twice weekly. All of the rats were 
thoroughly inspected for signs of deficiency at least once each week. A total of 
57 female rats were used in these experiments: 24 on anhydrous dextrose; 9 on 
dextrose hydrate; 16 on anhydrous dextrose and thiamine hydrochloride; and 
8 on dextrose hydrate and thiamine hydrochloride. 

In order to be able to make comparisons between the effects produced on 
activity by these different diets we used as far as possible only rats whose average 
daily running activity had reached a level above 9,000 revolutions per day at the 
end of the 15 day preliminary period. However, on account of the relatively 
small size of our rat colony and the limited number of activity cages we were 
foreed to use some animals which did not attain this level of activity. 


2 After the experiments herein reported were completed it was decided to test the 
effect of unlimited coprophagy in animals on a dextrose diet. Accordingly three rats 
were started on the single food dextrose and tap water regime and were also given 
access, in a separate food cup, to their total daily feces. These animals lived 54, 54, and 
55 days respectively, thus strongly indicating that the ability to reach their feces had 
been responsible for the longer survival time of the animals in the previous than in the 
present experiments. 

>The Corn Products Company kindly furnished the anhydrous dextrose (special an- 
hydrous) and the dextrose hydrate (cerelose—9 per cent water). Merck and Company 
kindly supplied the crystalline thiamine hydrochloride. 
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Resutts. Figures 1 A and B show records of two typical rats, one with access 
only to dextrose hydrate and tap water, the other with access to dextrose hydrate 
and tap water and a 0.02 per cent solution of thiamine hydrochloride. The or 
dinates show activity in number of revolutions of the drum, body-weight and 
food intake in grams, and intake of thiamine hydrochloride in cubie centimeters 


the abscissae show age in days. During the 15-day period on the stock diet the 
activity of the rat on dextrose alone increased from approximately 4,000 revolu- 


tions per day toa level near 18,000 (from 2.5 to 11.2 miles). During the first 20 
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Fig. 1. Data from two typical rats: 


A, with access to dextrose hydrate and tap water 
only. 


B, with access to dextrose hydrate, tap water, and thiamine 


hydrochloride (0.02 
per cent). 


days on the diet restricted to dextrose hydrate the rat became very active, on two 
days reaching peaks near 40,000 revolutions per day (25 miles). 
day the activity dropped off markedly and reached a level of only a few hundred 
revolutions during the last few days that the rat lived (37 days). 
trose diet body-weight decreased at a rapid and steady rate. 


take did not begin to show a rapid decrease until after the 15th day. 


After the 20th 


On the dex- 
The dextrose in- 
Vaginal 
smears (shown at the bottom of the chart) showed the regular 4—5 day cycles of 
cornified cells for the period on the stock diet and for 6 days on the dextrose diet. 
After that the smears showed only a constant picture of leukoeytes and epithelial 


cells. The rat which had access to a 0.02 per cent solution of thiamine hydro 
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chloride in addition to the dextrose was also very active for the first 20 days on 
the restricted diet; after that, unlike the rat on dextrose alone, it remained quite 
active (with daily averages of 14,000 revolutions) up to within 15 days of death 
on the 78th day of this diet. Body-weight decreased much more slowly than 
that of the rat on dextrose alone. After the first 10 days the dextrose intake 
decreased slowly from 8.9 to 4.5. The intake of thiamine hydrochloride wa- 
high during the first few days, then decreased to a flat low level at which it re- 
mained for 25 days, later to increase again at a steady rate up to the next to last 
day of life. On the dextrose diet the vaginal smears showed two 4-day cycles 


TABLE 1 


AVERAGE AVERAGE 
NUMBER VERAGE AG 
DEXTROSE | WEIGHT AT SURVIVAL TIME SURVIVAL 
OF RATS AT START 
START TIME 


day. grams days days 
Anhydrous 2: 64 138 27, 28, 2%, 32, 33, 33, 34, 37 
(56-71) * (120-157 )* 35, 36, 36, 36, 37, 37, 38, 
39, 39, 40, 40, 40, 40, 
41, 42, 42, 54 


Hydrated { 62 148 32, 33, 34, 34, 35, 36 
(56-66 ) (123-160) 


Anhydrous + 63 144 62, 65, 67, 6 
vitamin B, (58-73 ) (130-163 ) 


Hydrated + 3 64 139 66, 70, 72, 74, 78, 80, S81, 
vitamin B, (63-68 ) (128-150) 86 


Control rats on 11 57 141 3, 4,4, 4, 4, 4, 4, 4, 4,5, 6 
no food (40-72) (118-210) 


* The numbers in parentheses show the variations in age and weight. 

+ The 16th rat in this group was not included in the average survival time because it 
escaped from its cage for some hours on the 78th day of the experiment. It was killed on 
the 87th day, when it appeared to be moribund. 


of cornified cells and then a constant dioestrous picture of leukocytes and epi- 
thelial cells for the next 30 days. After that until the rat died the smears showed 
only cornified cells. 

Survival times. Table 1 summarizes the results. On the anhydrous dextrose 
the survival time of the 24 rats averaged 37 days (27-54, with only one animal 
living longer than 42 days). On the hydrated dextrose the survival time of 9 
rats had almost the same average—36 days (32-42). Thus the hydrated and 
anhydrous forms of dextrose kept the rats alive for almost exactly the same 
length of time. 

When given access to a 0.02 per cent solution of thiamine hydrochloride 15 


7, 72, 73, 74, 74 
>, 76, 78, 83, 
87, 87 
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rats* on anhydrous dextrose survived an average of 74 days (62-87), whil 

on the hydrated dextrose with access to the thiamine hydrochloride solution 
lived an average of 76 days (66-86); that is, the addition of the vitamin supple- 
ment almost exactly doubled the survival time of rats on a single food dex- 
trose diet. 

Body-weight. Figure 2 shows the body-weight curves for the four groups of 
rats. The two groups on anhydrous and hydrated dextrose (1 and 2) had almost 
identical curves, decreasing at a steady rate from approximately 140 grams on 
the first day of the single food diet to an average of 64 grams at death. Th: 
other two groups on anhydrous and hydrated dextrose (3 and 4), which had 
access to the vitamin supplement, also showed extremely little variation; how- 
ever, their curves deviated markedly from those of the two groups of rats on 
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Fig. 2 Fig. 

Fig. 2. Graph showing average body-weights of: 1, 24 rats with access to anhydrous 
dextrose and tap water; 2, 9 rats with access to dextrose hydrate and tap water; 3, 16 rats 
with access to anhydrous dextrose, tap water, and thiamine hydrochloride (0.02 per cent); 
4, 8 rats with access to dextrose hydrate, tap water, and thiamine hydrochloride 
(0.02 per cent). 

Fig. 3. Food intake of: 1, 24 rats with access to anhydrous dextrose and tap water; 
2,9 rats with access to dextrose hydrate and tap water; 3, 16 rats with access to anhydrous 
dextrose, tap water, and thiamine hydrochloride (0.02 per cent); 4, 8 rats with access to 
dextrose hydrate, tap water, and thiamine hydrochloride (0.02 per cent). 


dextrose without the vitamin, in that they showed a far less rapid decrease. At 
the end of 65 days these rats weighed somewhat more than the other rats did 
after 35 days, but at death all four groups reached approximately the same weight 
(average—62 grams). 

Intake of dextrose and thiamine hydrochloride. Figure 3 shows the dextrose in- 
take curves of all four groups in 10-day averages. Here again the rats on anhy- 
drous and hydrated dextrose without access to thiamine hydrochloride (1 and 2) 
had almost identical curves. During the first 10-day experimental period the 
dextrose intake for the two groups averaged approximately 9.5 grams, which is . 


* The 16th rat in this group was not included in the average survival time because it 
escaped from its cage for some hours on the 78th day of the experiment. It was killed on 
the 87th day, when it appeared to be moribund. 
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only about 2.5 grams less than the intake of stock food in the preceding 10 days. 
However, during the second, third, and fourth 10-day periods the intake dropped 
steadily from 10 to 7 to 4 to 2.5 grams, with an average intake of 1.8 grams on 
the day preceding death. 

The animals on anhydrous and hydrated dextrose with access to thiamine 
hydrochloride (3 and 4) also had almost identical intake curves, starting with 
an average daily intake of approximately 10 grams during the first 10-day period. 
Their intake decreased, however, at a much slower rate than that of the rats on 
dextrose alone. For the last 10 days of life their averages were almost twice as 
high as for the rats on dextrose alone. 

The intake curves of the thiamine hydrochloride are quite similar in the two 
groups receiving this supplement (fig. 4A). All the rats showed a marked appe- 


a 


THIAMINE HYDROCH, ORE 
(0.02%) 


Fig. 4A. Intake of thiamine hydrochloride in micrograms. 

B. Intake of thiamine hydrochloride in micrograms per gram dextrose—for: 
3, 16 rats with access to anhydrous dextrose, tap water, and thiamine hydrochloride 
(0.02 per cent); 4, 8 rats with access to dextrose hydrate, tap water, and thiamine hydro- 
chloride (0.02 per cent). 

C. Total fluid intake (water or water plus vitamin solution) for groups 3 and 4 
above and for: 1, 24 rats with access only to anhydrous dextrose and tap water; 2, 9 
rats with access only to dextrose hydrate and tap water. 


tite for the vitamin during the first few days, followed by an abrupt decrease in 
intake. A much lower level was maintained during the next several weeks, 
while in the second half of the experimental period the intake was again in- 
creased, in some cases very markedly. When the thiamine hydrochloride con- 
sumption is calculated in terms of micrograms per gram of dextrose, the rise 
during the later weeks becomes very much more striking, as shown in figure 4B. 
This increased need manifested itself about the 30th to 40th day; that is, about 
the time that it was found that the rats on the diet restricted to dextrose died. 

Fluid intake. Figure 4C shows the total fluid intake of all four groups of rats. 
No corrections have been made, either for evaporation, which varies from 0.6 to 
1 ce. per day, or for the water content of the dextrose hydrate (9 per cent). All 
four curves are essentially similar, with an abrupt drop in daily fluid consump- 
tion from 20-25 cc. to 10-15 cc. when the animals are first changed from the 
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stock food to the experimental diet, followed by a slower decrease to an intake of 
between 4 and 6 cc. in the 30 to 40 day period. The two groups receiving the 
thiamine supplement lived another 4 to 5 weeks, maintaining approximately this 
same level of fluid intake. In contrast with the food intake all four groups 
showed essentially the same fluid intake at the time of death. 

Activity. Figure 5 summarizes the results giving the records of all of the rats 
from each group that had a daily average above 9,000 revolutions for the last 
10-day period on the stock diet. Sixteen rats on anhydrous dextrose and 9 rats 


20,000 


Fig. 5. Activity of 1, 16 rats with access to anhydrous dextrose and tap water; 2, 9 
rats with access to dextrose hydrate and tap water; 3, 10 rats with access to anhydrous 
dextrose, tap water, and thiamine hydrochloride solution; 4, 3 rats with access to dextrose 
hydrate, tap water, and thiamine hydrochloride solution (0.02 per cent). 

Only those animals averaging more than 9000 revolutions per day during the last 10 days 
on stock food are included. 


on dextrose hydrate had almost identical curves throughout the experimental 
period (1 and 2). During the first and second 10-day periods on the dextrose 
diets the daily activity averaged higher than for the last 10 days on the stock 
diet, while in the two following 10-day periods it dropped off very sharply. 
During the last few days before death most of the rats averaged less than a 
hundred revolutions per day. 

Both groups of rats which received thiamine maintained a high level of ac- 
tivity for 50 to 60 days and in some cases were still very active one or two days 
before death. Figure 5 includes the running activity in 10-day averages for 10 
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rats on the anhydrous dextrose plus thiamine hydrochloride solution (3) and for 
3 rats on dextrose hydrate plus the vitamin (4); (the other animals in these 
groups were not sufficiently active while on stock food to be included in the 
averages). 

Deficiency symptoms. All of the rats showed regular 4 to 5 day vaginal smear 
cycles while on the stock diet, and nearly all of them completed either one or two 
more cycles after the start of the experimental diets. But after the first 10 days 
all animals on dextrose, both with and without access to the thiamine solution, 
showed a constant dioestrous condition. This was maintained to the time of 
death in the rats receiving dextrose only, while those with access to thiamine 
began to show a constant cornification of the vaginal epithelium after an average 
of 51 days (42-71), thus indicating the development of a vitamin A deficiency 
(Evans, 1928). 

With the exception of the constant dioestrous condition of the vaginal mucosa, 
the animals on dextrose alone showed no specific deficiency symptoms. They 
were without exception markedly emaciated, with an average weight loss of ap- 
proximately 50 per cent before death, but the coat, skin and eyes were in sur- 
prisingly good condition throughout the experimental period. 

On the other hand, the 23 animals with access to thiamine hydrochloride solu- 
tion, living twice as long, showed definite signs of deficiency in nearly all cases 
during the last 20 to 30 days. In addition to the constant cornification of the 
vaginal smears shown by all of them, twenty showed some signs of keratitis, and 
most of the rats showed coarsening of the hair. 

Discussion. On the basis of results of previous self-selection experiments it 
would seem very likely that in the present experiment the rats made almost the 
best possible use of the available dextrose; or in other words they ate just as 
much dextrose as they were able to utilize. On the dextrose alone they kept 
themselves alive an average period of 37 days, which is 33 days longer than rats 
live when they have no food at all, only water. Noteworthy is the fact that 
these rats had no characteristic signs of any nutritional deficiency. When given 
access to thiamine hydrochloride the rats showed by their increased dextrose 
intake and prolonged activity, as well as by their doubled survival time, that 
they were able to utilize more of the carbohydrate. 

These experiments furnish further evidence, under extremely simple condi- 
tions, of the dependence of dextrose utilization on the availability of thiamine 
hydrochloride. The significance of the higher intake of thiamine during the 
second half of the experimental period is not clear at the present time. 

The results of these experiments suggest the possible usefulness of the single 
food-choice method not only for the study of the nutritional value of individual 
food-stuffs but also for the study of the réles played by the various vitamins in 
their utilization. This method may be applied not only to the other sugars, 
and to the other members of the vitamin B complex, but also to the various 
fats and proteins. 
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SUMMARY 


1. Thirty-three young female rats maintained on a single food diet of dextrose 
and tap water survived an average of 36 days, whereas the controls given water 
but no food died in 4 days. 

2. The dextrose rats remained extremely active for the first 20 days on the diet 
but were almost totally inactive during the last week of life. 

3. Body-weight, food intake and water intake decreased steadily throughout 
the experiment. 

4. These rats showed no signs of specific nutritional deficiency, but were in a 
constant state of diestrus after the first 10 days on the diet as evidenced by 
vaginal smears, and became extremely emaciated before death. 

5. Twenty-four comparable rats given access to a 0.02 per cent solution of 
thiamine hydrochloride, in addition to the dextrose and tap water, survived 
more than twice as long—74 days on the average. 

6. In this group activity was maintained at a good level for more than 50 days. 

7. Body-weight decreased slowly, to arrive at almost exactly the same terminal 
weight as in the unsupplemented groups, whereas the food intake during the 
last 10 days of life was twice that of the dextrose animals. 

8. The intake of thiamine hydrochloride calculated in micrograms per gram of 
dextrose fell from an average of 60 during the first 10 days to 40 in the 30-40 day 
period and then increased steadily to nearly 100 in the 70-80 day period. 

9. The rats receiving the thiamine supplement showed definite signs of vitamin 
A deficiency with constant cornification of the vaginal smears after about the 
50th day in all cases and development of keratitis in 20 of the 24 rats. These 
animals also were extremely emaciated before death. 


Since this paper was submitted for publication four rats were given access to 
dextrose, tap water and a 0.03 per cent solution of cocarboxylase, the phosphoryla- 
tion product of thiamine. These animals lived an average of 77 days—not 
significantly varying from the 74 days on the thiamine solution—and they too 
showed a marked increase in the vitamin/dextrose ratio during the latter half 
of the experimental period. 
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GORDON C. RING 
From the Department of Physiology, The Ohio State University, Columbus 


Received for publication June 18, 1942 


It is well known that there is increased activity of the thyroid during pro- 
longed exposure to cold (see Ring, 1939, for references) and that thyroidecto- 
mized animals do not survive as well as normal animals under such conditions. 
Yet cold does not bring about a large increase in activity of the thyroid since a 
sojourn of three weeks in a refrigerator at 2 to 4 degrees centigrade increases the 
basal metabolism of rats only 10 or 15 per cent. The total metabolism while 
the animals are in the refrigerator must be about three times the basal level (see 
Benedict and MacLeod, 1929, and Swift and Forbes, 1939). Therefore the rise 
in basal metabolism due to increased thyroid activity accounts for no more than 
3 to 5 per cent of the total output of heat required by the rat under such severe 
conditions. These facts have caused us to wonder whether the direct effect 
upon basal metabolism might really be of minor importance. It is possible that 
the greatest value of the thyroid lies in sensitizing the response to epinephrine 
(Goetsch effect). To test this possibility, the calorigenic response to epinephrine 
under varying conditions of thyroid activity has been measured. This included 
a study of the response to epinephrine after prolonged exposure to cold. In the 
course of these observations, it was found that the maximal metabolic response 
to cold as well as the response to epinephrine was potentiated by thyroxin. 

MeErtuHop. Male rats weighing about 200 grams were selected for these experi- 
ments. The basal metabolism was determined by using the apparatus previ- 
ously described (Ring, 1940). The oxygen consumption was recorded during 
the four hours prior to the injection of the gelatin preparation of epinephrine! 
and for six hours thereafter. Periods of quiet were selected for calculating the 
oxygen consumption. A few measurements of the respiratory quotients using 
the Haldane principle have been made to be sure that the caloric expenditure 
may be satisfactorily estimated by determining oxygen consumption alone. 

In studying the response following prolonged exposure to cold, rats were kept 
in individual cages in the refrigerator for three weeks. After they were returned 
to normal room temperature, a number of the rats were given ordinary drinking 
water but some were given water containing Nal (0.75 mgm. per cc.) in order 
to bring about a more rapid return of the basal metabolism to normal (see Ring, 
1941). At weekly intervals, the basal metabolism and the calorigenic response 
to epinephrine were measured. These responses were compared with those ob- 
tained in normal rats, thyroidectomized rats and rats injected with thyroxin. 


1 Armour’s Suprarenalin-Gelatin Mixture 1:500. 
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The last part of the project was to measure the maximal catabolic response to 
cold. Jars containing one rat each were placed in a water bath maintained at 
2.4 degrees centigrade and the oxygen consumption was measured over a period 
of three hours or more. Most of the rats did not produce enough heat to main- 
tain body temperature and it could be assumed that the response to cold pro- 
duced the maximal prolonged elevation in metabolism of which the animal was 
capable. This assumption does not hold true if measurements are made after 
the body temperature has fallen more than two or three degrees. Under such 
circumstances, the stimulation of metabolism is not maximal (see Ring, 1938 
and the results were not considered in this study. Some of the rats were, how- 
ever, able to maintain a normal body temperature under the above conditions. 
It therefore became necessary to remove part of the hair from these animals if 
one was to be certain that the maximal catabolic stimulation had been produced. 
Using this method, the effects of thyroxin, thyroidectomy and removal of the 
adrenal medulla upon the maximal response to cold have been measured. 

Resutts. To make sure that epinephrine did not markedly affect the pro- 
portion of foodstuffs burned, respiratory quotients were determined in a few 
eases. The control measurements averaged 0.727 and during the six hours after 
receiving epinephrine these were 0.723. 

In order to determine the most suitable amount of epinephrine for these ex- 
periments, the effects of injecting doses of 0.2 to 0.05 cc. were first investigated. 
The larger doses frequently proved fatal and so were discontinued but it was 
interesting to find that these caused no greater metabolic response during the 
first two hours than the smaller ones. They did, however, have a more pro- 
longed effect. The increase in metabolism during the first two hours after the 
injection of epinephrine averaged for 0.20 ec. 52.5 per cent, for 0.15 ec. 53.7 per 
cent, for 0.10 ce. 52.5 per cent and for 0.05 cc. 49 per cent. Injecting the epi- 
nephrine at three different sites in divided doses did not change the response. 
In this case 0.15 cc. produced an average increase of 53.7 per cent. In sub- 
sequent experiments, because the larger doses were toxic and produced no greater 
response than the smaller ones, we have used 0.05 ec. of epinephrine as the test 
dose and have measured the response for two hours thereafter. The results for 
longer periods show the same relations as those described below but are less 
striking because the response diminishes rapidly after the first two hours. 
There is no evidence that the calorigenic response to epinephrine is shortened 
during increased thyroid activity or lengthened during decreased function. 

That gelatin in the mixture accounts for no part of the metabolic response 
was shown by giving this without epinephrine. The basal metabolism during 
control measurements averaged 34.5 + 0.6 cal. per sq. meter per hour and after 
the gelatin was 33.3 + 0.5. The gelatin served only to slow the absorption of 
the epinephrine and prolong the effect so that this could be more easily and 
accurately measured. 

In the first table we have shown the response to epinephrine when varying 
amounts of thyroid hormone (or thyroxin) are present in the body. It will be 
noted that the degree of increase in calorigenic response to epinephrine with in- 
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creasing thyroid activity varies as the height of the basal metabolism. This 
effect is clearly brought out by the straight line obtained when plotting the log- 
arithm of the response against the basal metabolism. 


TABLE 1 
Effects of changes in thyroid activity on the calorigenic response to epinephrine (0.05 cc. 
suprarenalin in gelatin) 


AVERAGE AVERAGE 
INCREASE* INCREASE* 
BASAL DURING 2 DOSE OF BASAL DURING 2 
AT NO. NCREAS 
BAT METABOLISM® | Hours AFTER 'NCREASE THYROXIN METABOLISM* HOURS AFTER) 'NCREASE 
EPINEPHRINE EPINEPHRINE | 
INJECTION INJECTION | 


Hypothyroid rats 


per cent 


Average.... 


Normal k 
19.1 | |} 39.5 
19.8 2. 36.4 
18.3 9. | 37.8 
14.3 ‘ | 36.6 


| 


| Average...| 37.9 
+ 

11 | 39.9 

12 14. | 44.5 


Average... .| | Average...) 42.2 
| 

51.5 

43.1 

52.7 


| Average...| 49.1° 


* Calories per square meter per hour. 


The above relationship between the basal metabolism and the epinephrine 
response is not shown when the change in metabolism is due to non-thyroid 
factors which we have tried. Table 2 shows the effect of epinephrine in animals 
in which the metabolic rate is raised by dinitrophenol (2 mgm. per 100 grams). 
This drug quickly elevates the metabolism and its effect continues over a period 
of several hours. In estimating the response to epinephrine superimposed upon 


1 25.7 7.6 29.5 | 
2 25.8 12.8 49.5 
3 26.0 15.1 58.0 
4 26.8 12.7 47.4 
5 7:3 10.8 39.5 
6 28.5 10.3 36.2 | 
7 35.2 43.8 
8 31.3 60.9 
9 36.7 58.7 
10 27.2 | 78.1 
22.4 60.3 
2.2 | 65.7 
| 23.4 52.8 
2.8 | 59.3 
42.7 | 82.9 
55.7 | 129.0 
37.3 | 72.8 
45.2 | 94.9 
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the dinitrophenol effect, suitable corrections have been made for the progres- 
sively diminishing calorigenic effect of the latter drug. If this had not been 
done, the contrast between thyroxin and dinitrophenol would have been even 
more striking. Nevertheless, in only one of seven observations was the per cent 
increase in metabolic response to epinephrine greater in a dinitrophenol-treated 
animal than in one not so treated. In four cases even the absolute increase in 


TABLE 2 
Calorigenic effect of epinephrine after dinitrophenol 


BEFORE DINITROPHENOL AFTER DINITROPHENOL 


Increase* Increase Increase* Increase 


per cent 


per cent 
20 39.: 
21 

22 
23 
24 
25 
26 


NN 


Or 


m by to 
or 
NNON & 


Average | 8. 2. 19. 


* Average increase in calories per square meter per hour during the two hour interval 


following the injection of epinephrine. (The dinitrophenol raised the basal metabolism an 
average of 34 per cent. The epinephrine effect was superimposed upon this.) 


TABLE 3 
Calorigenic effect of epinephrine after fasting for 3 days 


INCREASE AFTER 


s 
BASAL METABOLISM EPINEPHRINE® 


INCREASE 
per cent 
61.5 
57.8 
48.6 
41.6 
28 . 
66.5 


2 
SRS 


a om 


Average 6.3 


* Calories per square meter per hour. 


metabolism was smaller. Table 3 shows the results on fasted animals. The 
basal metabolism was about the same as in the hypothyroid rats but the stimu- 
lation due to epinephrine was on the whole greater both in per cent and in calo- 
ries. In only one rat of the six studied was the calorigenic response to epi- 
nephrine less than the average for hypothyroid rats. These results suggest that 
the type of response shown in table 1 may be specific for variations in thyroid 
activity. 


43.9 

A 15.8 

B 14.6 

C 14.9 

D 28. 11.9 

E 23. 6.7 

F 23. 15.7 
13.3 50.7 
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The importance of the thyroid gland in the calorigenic response to cold is 
shown in table 4 in which the maximal catabolic response to cold during an 
exposure lasting for about three hours is shown. These results would probably 
have been more striking if larger doses of thyroxin had been used. This was not 
tried because the lowest temperature which could be obtained in the water bath 
used did not give maximal metabolic stimulation when the basal metabolism was 
very high. It will be noted that in eight of nine rats given thyroxin the increase 
in metabolic rate produced by cold was greater after the injection than before. 


TABLE 4 
Mazimal catabolic response to cold with changes in thyroid activity 


NCREASE* DURING NCREASE® DURING 
RAT NO BASAL METABOLISM® | INC D BASAL METABOLISM® | INCREASE® DURIN« 


EXPOSURE TO COLD EXPOSURE TO COLD 


Thyroidectomized rats 


met. 
23.9 46.6 
25.4 43.2 


46.1 


Average Dee 45.3 
Normal rats one or two weeks 
after receiving 0.3 mgm. thyroxin 


Normal rats 


33.7 52.8 
34.4 60.7 
33.8 
34.4 | 53. 
32.0 74.8 
37.4 5S. 
28.1 61. 
33.9 58.2 
34.4 59. 


Average 33.6 | 60.8 


* Calories per square meter per hour. 


The thyroidectomized rats all showed smaller responses than any of the normal 
controls. 

This metabolic response to cold is due in part to shivering and in part to the 
release of adrenine. Other factors may also be involved. It would be interest- 
ing to know the relative importance of the adrenal medulla but we were unable 
to devise an accurate method for determining this, since after ablation of the 
adrenal medulla, more energy may be released by shivering and made available 
for maintaining body temperature (see Cannon, Newton, Bright, Menkin and 
Moore, 1929). We did find, however, that in spite of this, the response to cold 
was slightly reduced by demedullation. The average maximal increase in me- 
tabolism in response to cold was 49.5 cal. per sq. m. per hour in the operated rats 
as compared with the normal response of 56.1 cal. To make sure that this was 


met. 
31 
32 26.8 
33 32 51.2 | 
34 34 57.0 
35 32 61.2 
36 32 50.2 
37 31 65.3 | 
38 36 48.3 
39 28) 64.7 
10 35 51.2 
41 34 55.7 | 
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due to a lack of adrenine and not a deficiency of cortical principle, we have 
given cortical extract to the operated rats. This produced no improvement in 
the response to cold. Another deficiency in the rats lacking secretion of adrenine 
is not brought out by these observations. It is the inability to maintain this 
subnormal rate of heat production for even a few hours. After three hours in 
the cold, the body temperature of the normal rats was usually 33 or 34° C. but 
in the demedullated rats it had fallen below 30°. This perhaps ndicates the 


TABLE 5 


Average calorigenic effect* of 0.05 cc. epinephrine following three weeks’ exposure to cold 


TIME AFTER 


LEAVING REFRIGERATOR 


EPINEPHRINE (FIRST 2 HRS 


24 hours 39. 31.1 +1.1 
week 32.: 
weeks 
weeks 33. 


weeks 27. 


> D 


weeks 
weeks 
weeks 
9 weeks 


32.4 
31. 
23 
10 weeks 2.4 26. 
11 weeks 3. 27. 


N 


we, 


* Obtained from observations on §& rats. 


TABLE 6 
Basal metabolism and response to epinephrine when sodium iodide* is given after exposure 
to cold. (Average results from observations on 6 rats) 


TIME AFTER LEAVING REFRIGERATOR BASAL METABOLISM INCREASE AFTER EPINEPHRINE 


24 hours j 38 
1 week 37 
2 weeks 33. 31 
3 weeks 26. 
4 weeks | 32. 
5 weeks 35.8 32. 
6 weeks 34.7 30 


Nt Or N bo 


* Seventy-five-hundredths milligram per cubic centimeter in drinking water. 


importance of the defatiguing effect of adrenine during shivering (see Luco, 
1939). 

When a rat is exposed to cold for three weeks or more, the thyroid is stimulated 
and as one would expect the response to epinephrine is potentiated. The results 
are shown in table 5. As thyroid activity diminishes with the return of the rat 
to normal environmental temperature, the calorigenic effect of epinephrine is 
also reduced. The time required for these changes is shortened if Nal is given 
(table 6). These results when compared with those in table 1 suggest that the 
thyroid principle is alone responsible for the elevation in metabolism and the 
sensitivity to epinephrine. 


2+1.9 

) 
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Discussion. The results given in table 1 show that the calorigenic response 
to epinephrine increases as the amount of thyroid principle present in the body 
increases. The amount of thyroid hormone present can be estimated from the 
observations on basal metabolism if we accept the work of Gaddum and Hether- 
ington (1931), or Meyer and Wertz (1939). These authors showed that the in- 
crease in basal metabolism produced by thyroid preparations was proportional 
to the logarithm of the amount of thyroid principle given. Biilman (1937) 
showed that the blood organic iodine bears this same relation to the basal me- 
tabolism. If one plots the amount of thyroid hormone estimated to be present 
in the body against the response to epinephrine, one obtains a hyperbolic curve. 
It is therefore possible that a reversible chemical reaction between epinephrine 
and thyroid hormone or adsorption may be involved in this change in calori- 
genic response to epinephrine with changing thyroid function. The data on 
maximal metabolic response during short exposures to cold shown in table 4 are 
not sufficiently complete but they may also be represented by a hyperbolic curve. 


CONCLUSIONS 


1. The calorigenic response to epinephrine is potentiated by thyroid hormone 
(see table 1). 

2. Every rise or fall in basal metabolism does not bring about a similar in- 
crease or decrease in the response to epinephrine (see tables 2and3). Therefore 
the sensitizing effect may be specific for thyroid hormone. 

3. The maximal catabolic response to cold is potentiated by thyroid hormone 
(see table 4). 

4. The secretion of the adrenal medulla may account for 10 per cent of the 
increased metabolism produced by cold. It is also important in maintaining an 
elevation in metabolism. 

5. After a prolonged sojourn in a refrigerator, the calorigenic effect of epi- 
nephrine in rats is about as much as would be expected from the elevation in 
basal metabolism (compare tables 5 and 1). 

6. Following prolonged exposure to cold, the basal metabolism and the calori- 
genic effect of epinephrine become normal more quickly if extra Nal is given 
(see table 6). 
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Previous work from this department (1, 2) has shown that venous occlusion 
of the limb in the dog led to a shock-like state and death in 3} to 21 hours. This 
was associated with a loss of intravascular fluid into the leg of more than 4 per 
cent of the body weight, which was attributed to the loss of plasma fluid caused 
by the elevation of the hydrostatic pressure in the small peripheral vessels. Later 
alterations in capillary permeability lowered the osmotic pressure of the blood 
and permitted proteins to escape and still later even the formed elements. The 
possibility, however, that the shock-like state and death were accelerated by the 
absorption of noxious materials from this leg through newly created venous col- 
laterals has not been excluded. The establishment of a return venous flow is 
indicated by the resorption of the swelling in the leg in animals surviving venous 
occlusion of the limb after priming with desoxycorticosterone acetate (2). If such 
a humoral factor plays a significant réle in the syndrome following venous occlu- 
sion in the limb, some evidence of shock should be manifest even if the local loss 
of plasma fluid is prevented. This was the purpose of the present study in which 
the local loss of plasma fluid was restrained by encasing the limb in a plaster cast, 
which prevented the swelling ordinarily following venous occlusion. 

Meruop. The procedure used in occluding the venous drainage of the dog’s 
hind leg has been described previously (1, 2). Similar observations were made 
in the present study except that it was not possible to obtain blood pressure read- 
ings during the 36 hours that the cast was in place since both lower limbs were 
enclosed. Immediately after the operation was completed the cast was applied 
to both lower limbs and to the groin and lower abdomen.? The tail was placed 
along with the unoperated leg and enclosed in the cast. No opening was made 
for urination and defecation because local edema, protrusion and constriction of 
the extruded tissue occurred when an opening was left; the animal could perform 
these excretory functions inside the cast. In the first 7 dogs the extremities were 
covered with a stockingette and then wrapped with plaster bandage. Since gan- 
grene of the toes of the occluded limb occurred in 3 of the animals, a preliminary 
wrapping of raw cotton was used in the last 6 dogs. This cotton provided a 
yielding medium permitting some expansion without severe compression of the 


1 Aided by the A. D. Nast and Emil and Fanny Wedeles Funds for Cardiovascular Re- 
search. 

2 This extensive casting was used because in a preliminary experiment it was shown that 
fluid escaped above the cast into the groin, belly wall and down the other leg when the 
cast was applied only to the leg with the occluded vein. 
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smaller distal vessels and was successful in preventing the gangrene. After 36 
hours the cast was removed, the previous observations on the clinical state of the 
animal and on the hematrocrit were continued and determinations were made of 
the blood pressure and of the rate of limb enlargement. 

Resutts. Of the 13 dogs used, 11 survived, and only one died in shock 12 
hours after operation.’ One other animal died of bronchopneumonia in 32 hours. 
This low mortality is in sharp contrast to our control series (1, 2) in which 13 
out of 15 dogs died in shock within 33 to 21 hours. The animals with casts gen- 
erally ate and drank well, and were not apathetic. In fact several dogs, including 
the one which died in shock, were unusually active in attempting to remove the 
cast. 

No hemoconcentration occurred in these dogs, not even in the one succumbing 
in shock. By the second day all of the 12 dogs showed varying degrees of hemo- 
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HOURS AFTER OPERATION 
Fig. 1. A comparison of the average increase in size of leg with venous occlusion in the 
control series (without casts) previously reported (2) with that in the present series in which 
a cast was applied for 36 hours. Zero time is the time at which the operation ended. Dis- 
cussed in text. 


dilution which continued for several days. The arterial blood pressure showed 
no significant deviation from normal after the cast was removed over the several 
days during which observations were made. No limb enlargement was found, 
the circumference at mid-thigh and at mid-calf of the limb with occluded veins 
and the control limb were the same as before operation. However, over the next 
few hours some enlargement of the operated limb was found (fig. 1) but this was 
in no way comparable to the previous control series (2). This enlargement had 
no demonstrable effect on the animal’s condition, nor did it lead to a hemocon- 
centration or a drop in blood pressure, even though in four dogs the leg reached 
a large size, viz., 125 per cent, 126 per cent, 130 per cent and 143 per cent of the 
control, respectively. 

Discussion. The absence of shock in all but one of these animals with venous 
occlusion when a cast is used to prevent the local accumulation of fluid in the leg 


3 This animal had no leg enlargement. 
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is in sharp contrast to the development of a shock-like state and death following 
the same procedure in 13 out of 15 dogs when the cast is omitted. This suggests 
that the local accumulation of fluid is the primary, if not the sole, precipitating 
factor in causing this form of shock and in making it irreversible. These findings 
also rule out the possibility that neurogenic or humoral factors play more than a 
minor role in producing peripheral vascular collapse and in making shock irre- 
versible. The application of the cast should have no significant effect on neuro- 
genic impulses nor on the absorption of noxious substances from the leg into the 
blood stream. Hence it follows that the entire sequence is initiated and per- 
petuated by the local loss of plasma fluid. 

These experiments, therefore, support our previous deduction (1, 2). With 
the disturbances set up by the local accumulation of plasma fluid, a series of 
interrelated changes is established, the details of which are not known, which 
perpetuate, aggravate and ultimately make the state of shock irreversible. 

There can be no doubt that the ether anesthesia used in this operation may 
have contributed to the picture and this may help to explain the death of one 
of the “cast dogs.”” However, it requires more definite evidence than is at 
present available to ascribe this animal’s death to a toxic factor. 

The effectiveness of this method in preventing local loss of fluid was demon- 
strated clearly by the absence of leg enlargement when the cast was removed. 
However, leg enlargement appeared soon after removal of the cast. While in 
several of these animals the leg became large, in none was the rate of fluid loss 
as rapid as in the controls (fig. 1). Apparently, during the first 36 hours of 
casting sufficient venous collaterals had developed to improve the local circula- 
tion so that the hydrostatic pressure rise in the capillaries was lessened, and less 
local anoxia and impairment of capillary permeability resulted, thus decreasing 
the rate of fluid loss. The absence of shock after removal of the cast empha- 
sizes that local accumulation of fluid determines this state not so much by the 
amount of plasma fluid lost but rather by the rate at which it is lost. Apparently, 
compensatory factors can keep pace when the rate is slow, but above a critical 
rate they fail to do so and shock is initiated, perpetuated and becomes irreversible. 

Certain practical clinical implications are indicated by this study. They 
suggest the utility of applying a plaster cast to severely injured limbs in which 
plasma fluid loss may conceivably contribute to the development of shock. 
This is a simple procedure to carry out on man even away from the hospital, 
and should be seriously considered. 

It appears to us that some of the benefits reported by Trueta (3, 4) in cases 
in which crush injuries of the limb were cleansed, the debris removed and the 
leg immediately casted over the open wounds may be due to prevention of local 
fluid accumulation. In such treated cases shock was rare, one instance in 1073 
cases. 

Recently, the idea of eliminating the local fluid accumulation has been applied 
to crush injuries during air raids. This was accomplished by using a large blood 
pressure cuff connected to a pump intermittently raising its pressure in order to 
“milk” the edema from the injured limb (5). It was found that this procedure 
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prevented the occurrence of shock, whereas routine anti-shock measures in these 
crush cases did not prevent a fatal outcome. However, there is the danger of 
releasing emboli from intravenous thrombi which might be present as a result of 
the crush. It appears to us that fluid accumulation should be prevented by the 
immediate use of a cast rather than ‘“‘milking” by intermittent external pressure. 

Duncan and Blalock (6) have reproduced severe crushing injuries in dogs and 
found that the use of a rubber boot, inflated to 40 mm. Hg, over the crushed limb 
decreased mortality from 95 per cent to 33 per cent. This decline in mortality 
was ascribed to the prevention of local fluid accumulation in the limb. Our re- 
sults suggest that the same benefit might have been obtained by a plaster cast 
which is simpler and more readily applied. We see no need of raising the pres- 
sure as high as40mm.Hg. In fact by so doing circulatory embarrassment occurs 
which might be detrimental because it would further increase the local anoxia. 

The applicability of this casting procedure needs further exploration clinically 
both in civilian and military crush injuries of limbs. 


SUMMARY 


1. In a series of 13 dogs the application of a plaster cast for 36 hours to the 
lower extremities led to the survival of 11 animals following venous occlusion 
of the limb. Only one dog died in shock. This contrasts with the development 
of shock in 13 out of 15 dogs following this operation when no cast is applied, 


death occurring in 33 to 21 hours. 

2. These results indicate that the cast by preventing the local accumulation 
of plasma fluid avoided the shock syndrome. 

3. The local fluid accumulation which occurred following the removal of the 
cast developed at a slower rate than in the control series. The absence of un- 
toward results in the period following removal of the cast suggests that for the 
shock syndrome to become established the loss of plasma fluids must occur at 
a rapid rate, a rate faster than compensating mechanisms can cope with. 

4. This casting procedure appears to be applicable clinically for use in both 
civilian and military crush injuries. 
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Sulfanilamide, in the dosage customarily given to ambulant patients, has 
been shown by Roughton et al. (1) to reduce the capacity both for exacting 
mental work and heavy manual labor. The deleterious effect in the latter in- 
stance was shown to be in part due to interference with the normal rate of CO, 
removal, owing to inhibition of the carbonic anhydrase of the red cells (2). It 
therefore became of interest to test, in a similar manner, the effect of ambulatory 
doses of sulfathiazole and sulfadiazine, since these two drugs are /, without 
inhibitory effect on carbonic anhydrase in vitro, and 2, are regarded as superior 
to some of the earlier drugs of the sulfanilamide series both in therapeutic action 
and freedom from toxic consequences. They are, indeed, in widespread use 
amongst military and industrial personnel, particularly for the treatment of 
gonorrhea, and a study of their exact effect on the working capacity of ambulant 
patients is therefore of obvious importance at the present time. 

ProcepurEs. Except in a few details the experimental schedule was identical 
with that used for studying sulfanilamide. The subjects were six normal male 
members of the laboratory staff, whose ages were between 23 and 40. Three of 
them received sulfathiazole and three sulfadiazine. Except in the case of JT 
who took the drug for only two days, all received it for three days, 3.0 grams on 
the first day, 2.0 grams on the second and 4.0 grams on the third, the daily 
amount being divided into four or six equally spaced doses on each day. Com- 
plete tests according to the outline below were performed on each subject before 
starting the drug, after 24 hours and after 72 hours of the drug, and in some 
cases several days after stopping the drugs. As a test of mental ability and co- 
ordination, the Johnson Code Test was carried out daily in triplicate for three 
days preceding the drug, during its administration and for three days afterward. 
Four additional subjects, not receiving the drugs, were tested daily by the code 
test as controls during the same period. The Johnson Code Test was the only 
mental test used, as it alone of the three tried in the sulfanilamide work gave 
positive results. 

The following is an outline of the procedures for the main tests performed on 
at least three days on each subject. 

A. Under resting conditions. 1. Basal ventilation, oxygen consumption and 
CO, output were obtained from a ten minute collection of expired air in a Tissot 
Gasometer. Pulse and respiratory rates were recorded. 

2. Arterial blood samples were taken under oil and mixed with heparin. ©, 
and CO, content were determined by the Van Slyke technique on a portion of the 
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blood. The remainder of the blood was equilibrated in a tonometer at 37° 
(pCO, = 40, pO. = 180) and then analyzed for CO. and O,. From these analy- 
ses the alkali reserve (Tso), pCO2, HbO, saturation and pH, of the arterial blood 
were calculated (Dill et al., 3). 

3. Alveolar gas samples were obtained simultaneously with the arterial 
punctures. 

B. Bicycle exercise. (A bicycle ergometer was used with a mechanical brake. 
The brake tension was maintained at five pounds. This exercise required a 
metabolism five to six times the basal figure.) 1. Ventilation, oxygen consump- 
tion and CO, output were measured from a collection of expired air between the 
9th and 14th minutes of the exercise. 

2. Pulse rate was noted every five minutes throughout. 

3. Arterial blood and alveolar gas samples were collected after 15 minutes and 
analyses carried out as with the basal samples. Bloods were analyzed also for 
lactate and sugar. 

4. Exercise was stopped and rectal temperature was determined immediately. 

C. Exhausting treadmill exercise. (The treadmill grade was 8.6 per cent, the 
speed was 5.8 or 7.0 m.p.h. depending on the ability of the subject. The work 
was sufficient to exhaust the subjects within five minutes.) This exercise was 
begun only after at least 30 minutes’ rest following the previous exercise. 1. 
Ventilation was measured for each half-minute, and expired air samples were 
taken for analysis for each whole minute after the first. 

2. Pulse rate was recorded throughout by a Guillemin cardiotachometer. 
From each record the maximum rate was obtained. 

3. As soon as exhaustion forced the subject to stop he sat down and the pulse 
was counted for three one-minute periods: 3 to 14 minutes, 2 to 3 minutes and 
5 to 6 minutes after stopping. It has been found in this laboratory (4) that these 
three values give the main characteristics of the pulse recovery curve. 

4. Capillary blood from the finger was then obtained for lactate and sugar 
determination. . 

Resutts. The quantitative results as well as the subjective reactions to these 
drugs were remarkable chiefly by the extremely small changes from the normal 
state. In contrast to the feelings after sulfanilamide no subject complained of 
any severely disturbing symptoms; all carried on their usual activities. Three 
subjects (two on sulfathiazole and one on sulfadiazine) noted an increase in the 
number of daily bowel movements together with some uncomfortable flatus. 
In no case was there true diarrhea, nausea, vomiting or anorexia. Several sub- 
jects said that they had slight malaise, a vague feeling of being below par. How- 
ever, SR, who had the highest blood level of the drug, noted no unusual subjective 
sensations. 

Table 1 presents a part of the results of metabolic studies and blood analyses. 
It is presented in a form similar to the previous report on sulfanilamide so as to 
facilitate comparison. It includes many negative results together with all 
those showing any changes. Of the measurements and observations not pre- 
sented in tabular form, none showed any suggestion of significant change. 


£19 A.000 


Ado Y 


AIWAODY 
OUIZEIPRNS 
an 


‘OU | | 709 
8 1 0 


SAV 
ws 
‘ON 
poolq | poorq 


pup fo pun Bursnp ‘asofag sjaalqns uo fo hanwun 


T WTA VL 


~ ano ao x - - 
s = 
e- 
~ 
. os aman 
4 
= mas 
4 
~ - 
~ 
om one — - 
ON + 62 m= 6 cece 
> N MAAN & 
~ 
Ew 
Aaan 
= = Aan 
a 
595 


596 ROUGHTON, DARLING, FORBES, HORVATH, ROBINSON AND TALBOTT 


The blood levels of sulfathiazole and sulfadiazine ranged from 1.1 to 5.8 mgm. 
per cent, being higher as expected on the third day and higher dosage of the drug. 
The individual variations in drug concentrations on the same intake is in line 
with the commonly observed variations under therapeutic usage. Estimations 
of sulfhemoglobin and methemoglobin on the same blood samples showed no 
more than 0.2 gram per 100 cc. in any instance. 

The basal oxygen consumption showed minor changes which were unexpected 
and not observed following sulfanilamide. There was an increase during drug 


TABLE 2 
Time in seconds* to complete Johnson Code Test 


BEFORE | DURING 


Sulfadiazine 


Average.......... 


C. Controls 


8S. M. H. 
W. 
J.R. 


Average 


* Increased time indicates poorer performance. 


administration in three of the six cases with a return to or below the previous 
level following cessation of the drug. In two other cases the rate of oxygen con- 
sumption following the drug was lower than the figures during either the first con- 
trol or drug period. The maximum change in any case was about 8 per cent 
which is not a figure of great practical importance. We cannot state its cause or 
theoretical importance at present. 

The analyses of the resting arterial bloods showed no regular changes. The 
maintenance of a constant alkali reserve (Tyo) is in clear contrast to the effect of 
sulfanilamide. Alveolar pressures of CO, (not on table) agreed fairly well in 
all instances with the calculated pCO, of the arterial blood. 


S. R. 147 148 142 

F. C. 106 | 105 106 

127 | 127 124 

R. D. 93 91 92 

ine 122 116 115 

W. F. 102 108 110 

106 105 106 

102 94 88 

164 157 157 

83 82 75 

112 96 94 

rd 115 107 104 
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The changes noted under the bicycle exercise may all be logically attributed 
to a training effect (only one of the subjects FC was accustomed to bicycling 
or to unavoidable slight variations in the brake tension. The effects of training 
are seen in a drop in the ventilation, the blood lactate and the oxygen consump- 
tion. This change in ventilation is in marked contrast to that following sul- 
fanilamide which was an average increase of nearly 30 per cent. 

The arterial blood during exercise shows again no changes attributable to the 
drug. Here one can again observe the effect of training in some subjects in that 
in the early experiments with higher blood lactate values the alkali reserve 
(Tso) was lower than in later tests. This is the reverse of the effect of 
sulfanilamide. 

The alveolar CO, values in exercise (not in the table) were not as satisfactory 
technically as those at rest. Regardless of these difficulties one can still con- 
clude that there were no differences between the drug and control periods. 

The results from the exhausting runs show a remarkable constancy in gaseou- 
exchange during the last two minutes, no trace of the failure in CO, removal o1 
the drop of R.Q. observed following sulfanilamide. Likewise no feeling of 
suffocation was experienced as after sulfanilamide. There were unavoidable 
and expected slight variations in the time the subjects could run before exhaus- 
tion. In only one subject (GT) was there a significant decrease which in this 
case was probably due to an upper respiratory infection beginning after the 
control run. 

The results of the Johnson Code Tests are presented in table 2. All changes 
recorded are small and probably not significant. In no case was there any ob- 
vious deterioration during the drug period. On the average the control (no 
drug) subjects showed a somewhat greater improvement in performance during 
the nine day test period than those taking the drugs. Whether this signifies a 
masking of improvement in the latter group by the drug can only remain an 
academic question in view of the small changes involved. 

Discussion. Under the conditions of these tests it appears that sulfathiazole 
and sulfadiazine are remarkably benign drugs in their effect on physical and 
mental performance. This is especially significant in view of the fact that the 
daily dosage on the third day was double that recommended for ambulant pa- 
tients. It is obvious that these tests tell us nothing about the possible cumula- 
tive toxic effects from more prolonged administration. With ambulant patients 
on short term doses there appears to be no reason why their normal activities 
should be curtailed. 

The difference between the effects of sulfanilamide on one hand and sulfa- 
thiazole and sulfadiazine on the other may be explained to a large extent by the 
fact that the former poisons the carbonic anhydrase of the body while the latter 
does not affect it. Although the mechanisms are not clear, it is possible to ex- 
plain the drop in alkali reserve and the difficulties in CO, removal under sulfa- 
nilamide by this fact. The disturbance in mental capacity is not so directly or 
clearly related. 
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CONCLUSIONS 


1. Sulfathiazole and sulfadiazine, in doses recommended for ambulant therapy 
and in double these doses for one day, caused only negligible symptoms and no 
limitation in the normal activity of six laboratory workers. 

2. No disturbances in acid-base balance were observed either from the study 
of arterial blood or the metabolism at rest or in work. 

3. The ability to perform moderate and exhausting work was not impaired 
by the drug, i.e., in CO, transport and removal. 

4. Mental ability and coérdination as tested by the Johnson Code Test were 
essentially unchanged by the drugs. 

5. These findings contrasted markedly with the results of sulfanilamide which 
caused disturbances in all the categories above, especially in the exhausting work. 

6. Sulfathiazole and sulfadiazine may be safely administered up to 4.0 grams 
per day (at least as far as immediate effect is concerned) to those doing heavy 
manual labor or exacting mental work. 
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The systemic effects of bile (whole bile, bile acids, bile salts) have been studied 
by many workers. Within the circulation the substance is universally regarded 
as toxic, inducing severe cardiovascular and nervous depression (ef. Sollmann, 
1942). The mechanism of the action is, however, still in doubt. Bradyeardia, 
a prominent feature of biliary obstruction, was ascribed by Léwit (1882) to an 
effect upon vagal centers. Weintraud (1894) was able to abolish the slow pulse 
of clinical icterus by means of atropine. On the other hand, Wakim, Essex 
and Mann (1939) found that even the isolated perfused heart was usually 
depressed by bile salt, although occasionally they observed initial increases in 
rate and amplitude. Horrall and Carlson (1928) reported that the slowing ot 
the heart which occurred immediately after the intravenous administration of 


bile salt was modified by vagotomy, while the whole inhibitory effect was pre- 


vented by atropine. The even more important hypotensive action of bile salt 
(Meltzer and Salant, 1905) was shown by Still (1929) to be largely independent 
of atropine or vagotomy. Baltaceano and Vasiliu (1934) attributed the fall of 
blood pressure to “increased sensitivity of carotid sinus and aortic nerves.” 

The question of the mechanism of action of the bile salts upon the body at 
large has gained renewed interest from recent work which suggests a relationship 
between bile-salt action and the acetylcholine-esterase system. Antopol ef al. 
(Antopol, Tuchman and Schifrin, 1937; Antopol, Schifrin and Tuchman, 1938 
reported low cholinesterase values in the blood serum of patients with liver and 
biliary disease. The characteristic circulatory depression might therefore be 
ascribed to a greater than normal concentration of acetylcholine in the circula- 
tion, a direct result of the failure of esterase. In a further study Sobotka and 
Antopol (1937) concluded that bile salt can inhibit the action of cholinesterase 
in vitro. More recently McArdle (1940) observed a greatly depressed cholines- 
terase activity in parenchymatous liver disease (hepatitis, cirrhosis, metastases ) 
but not in simple obstructive jaundice. Since serum with low esterase values 
did not on dialysis lose the inhibitory substance, McArdle concluded that the 
deficiency of esterase in the conditions mentioned was not due to an “enzyme 
inhibitor.” 

The essential point of the hypothesis under consideration is whether bile salt 
does indeed induce cardiovascular depression by inhibiting the cholinesterase 
power of blood or other tissues. We have studied this problem in two types of 
experiments, one in the whole animal, the other on the isolated frog rectus 
abdominis muscle (an indicator of acetylcholine). 
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I. Mechanism of systemic action of bile salt. A series of observations was made 
on dogs and cats under nembutal anesthesia, in whom changes in blood pressure, 
heart rate and respiration were recorded. We noted first the effects on the 
functions mentioned of bile salt itself, then the effeets of acetylcholine given 
after the bile salt. Secondly, we studied the effects of atropine, of vagotomy, 
and finally of destruction of the spinal cord upon the animals’ response to bile 
salt. The dogs received, as a rule, 120 mgm., the cats 30 mgm. of bile salt per 
whole animal. 

1. The hypotensive action of bile salt. The most consistent and striking action 
of bile salt, injected intravenously, was fall of the blood pressure.! The extent 


A 


Fig. 1. A, B and C compare the hypotensive action of single doses of acetylcholine and 
sodium taurocholate. The three curves obtained in the same subject (dog, 15 kgm.) at 
four-minute intervals show that the effect of acetylcholine is not enhanced by the previous 
administration of bile salt. 

D shows the well known “nicotine action’’ elicited by acetylcholine after previous 
administration of atropine (in a cat). The depressor is largely converted into a pressor 
effect. 

EK depicts the persistent depressor effect of bile salt after atropine injection (in a cat). 


of the fall was proportional to the dose. It began within a few seconds and 
(depending on the amount injected) lasted up to three minutes after completion 
of the injection. There was evidence too of differences in susceptibility, the 
more sensitive cats showing a good depressor response to 3 or 4 mgm. The 


hypotensive action of bile salt resembled the fall of blood pressure produced by 
suitable doses of acetylcholine, the effective dose for the latter being, however, 


' Rarely the bile salt caused, in both species, a definite pressor response, sometimes ac 
companied by increased rate and amplitude of the heart-beat. This phenomenon was 
noted many years ago by Landois (1863). In our experiments the pressor and augmentor 
effects were most apt to occur on the first of a series of injections, then to disappear and to 


give way to the more typical depressor response. 
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much smaller. Even the shape of the blood-pressure curve was frequenth 
similar for the two substances (fig. 1, A, B,C). Table 1 shows the extent of the 
fall of blood pressure caused by different doses of the two substances (given 
separately ). 

2. The influence of bile salt on heart action. In only 8 out of 21 experiment~ 
was fall of blood pressure accompanied by slowing of the heart. When present 
the reduction in rate was evident immediately after the injection and was usual) 
followed by a marked acceleration. There were no disturbances of rhythm 
The rate of the slowed heart varied from 40 te 70 per cent of the normal rate 

3. The effects of atropine, vagotomy and destruction of the spinal cord on th 
cardiac and hypotensive action of bile salt. Several experiments were carried out 
to ascertain whether the effects of the bile salt were mediated by central vagu- 
or peripheral mechanism. The slowing of heart rate was regularly prevented 
by section of both vagus nerves or by atropine (1 to 2 mgm.), as shown in 


TABLE 1 


MGM. BILE SALT FALL OF BLOOD ACETYLCHOLINE 
INJECTED PRESSURE INJECTED 
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figure 2, A, B. It was therefore primarily of central vagus mediation. With 
very large doses of bile salt, however, we found, in confirmation of previous 
results, that slowing of the heart persisted after vagotomy. This direct action 
upon heart muscle would appear to be really toxic. 

The hypotensive action of bile salt still persisted after any or all of the above 
procedures. It remained virtually unimpaired after injection of atropine, and 
in all but three instances after double vagotomy. In these exceptional cases 
where section of the vagus nerves prevented most of the fall of blood pressure 
one might suppose stimulation of the sino-aortic mechanism by the bile salt 
(ef. Baltaceano and Vasiliu, loc. cit.). 

The most illuminating evidence as to site of the hypotensive action came 


from experiments in which the spinal cord was pithed. Here, in spite of the 


fact that the initial blood pressure was already very low, we still were able to 
elicit a definite reduction of the pressure with the usual amounts of bile salt 
(see fig. 2, C, D, E, F). 


mm. I ¢ mm. H 
Dog 120 55 i) 55 
Dog 180 410) 0 5 
Dog 120 10 0 
Cat 30 90 0 SO 
Cat 30 95 0 
Cat 30 50 0 5 
Cat } 25 0 S5 
Cat 30 55 0 SO) 
Cat 30 110 0 15 
Cat 30 SO 
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One may thus conclude that, while the cardiac slowing after injection of bili 
sult is mediated by central vagus, the hypotensive action is essentially a periph 
eral affair. 

The possible prostigmine eserine-jlike action of bile salt. Preliminary 
“calibration” tests were made to establish definite responses of blood pressure 
to known amounts of acetylcholine and of bile salt. Then the bile salt) was 
injected and followed at different time-intervals by acetylcholine. Whethe 
elicited | minute or 35 minutes after the administration of bile salt, the respons 
to acetylcholine was not significantly changed. This failure of potentiation by 


Bones 
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hig. 2. A and B show the etfeet of vagotomy upon the cardiae slowing induced by injes 
tion of bile salt (in a eat) In A the are mtact, in B, divided The depressor elect 


persists but the heart is not slowed 

Co and D show that after high cervieal section of the spinal cord (in a dog, 15 kgm 
despite the low fevel of the blood pressure, acetylcholine and sodium taurocholate still 
exert i depressor elect 

In Ff and Fo the depressor action of both substances is still evident in the same animal 


after spinal pithing 


bile salt was in marked contrast to the influence of prostigmine itself which, in 
the same subjects, gave the expected great exaggeration of the response to 
acetylcholine. Of further interest were our experiments with atropine. This 
drug readily abolished the enhancing action of prostigmine, and not merely 
prevent d the depressor response to acetvicholine but even converted the effect 
of the latter to a pressor response (nicotine action) (fig. 1, 1D). The depressor 
action of bile salt was, however, little if at all modified by atropine. A typical 
result is shown in figure 1, Ee. 

From the above experiments two conclusions can be drawn: 1, bile salt does 


not exert a potentiating (eserine-like) influence upon circulating acetylcholine, 
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and therefore the characteristic hy potensive action of bile should not be attrib 
uted to inhibition of cholinesterase: 2, the action of bile salt, though effectively 
similar to that of acetvleholine, is not exerted through the latter agene, 

I]. Action of bile salt on the csolated frog rectus abdominits  musele In this 
<eries of tests we studied the action of bile salt upon contraction of frog rectus 
then the potentiating action of bile salt upon acetylcholine, and finally com 
pared the pre serving ability of bile salt with that ot prostigmine upon quantities 
of acetylcholine added to whole blood. 

1. Bile salt causes contraction of frog rectus abdominis It was first noted that 
bile salt itself, in sufficient quantities, can cause contraction of the excised 
muscle. Our average threshold figure for fro@ reetus was about & mem. in 
7 ec. of Ringer’s solution. This concentration caused a just perceptible con 
traction, while larger quantities Caused correspondingly greater effects 

The contraction of frog rectus by bile salt is, however, not due to intervention, 
er to potentiation of acetvicholine. The curves in the case of the two agents 
were not at all similar, that for bile salt being more gradual and taking an 
infinitely longer time to return to the base line. This latter feature was indeed 
characteristic of the contraction induced by bile salt. 

In the case of leech muscle, strong contraction was obtained with 15 mgm. of 
bile salt in 7 ce. of Ringer’s solution, an amount definitely above “threshold” 
level. 

Bile salt does not enhanee response to acetylcholine, From the first demon 
stration by Loew and collaborators (Loewi and Navratil, 1926; lengelhart and 
Loew, 19380) it has been kiown that the optimum response of isolated muscle to 
acet vicholine requires treatment with physostigmine The latter sub 
stance prevents rapid inactivation of the acetylcholine by the blood or tissue 
esterase. We made a systematic search for a similar effeet ot bile salt, with 
entirely negative results. Different concentrations of the latter agent in Rin 
ger’s solution proved completely devoid of the characteristic eserime effect 
Keven the large amounts that in themselves induced muscular contraction gave 
no greater contraction when acetylcholine was placed in the Ringer's fluid 
3. Bile salt does not preserve acetylcholine in whole blood. In our final series of 
experiments we compared the effect of prostigmine with that of bile salt) on 
preservation of acetvicholine added to freshly drawn dog and eat blood In 
every experiment two samples of blood were prepared; each sample contaimed 
fee. ot bloed plus 3 ce. of Ringer’s solution, One sample contained, in addi 
tion, |} mgm. of prostigmine plus acetvicholine ina concentration of 125,000,000 
\ second sample contained bile salt (5 mgm.) plus the same amount of acetyl 
choline, but no prostigmine. These two samples were allowed to stand at room 
temperature for an average time of four hours, then tested on the frog reetu 
muscle. At the end of the time stated, the sample with prostigmine contaimed 
100 per cent of the original acetvieholine; the sample with the bile salt contaimed 
a neghgible amount. There was therefore complete absence of esterase mactiva 
tion by the amount of bile salt used. In several control determinations we 


added acetylcholine to whole blood, waited some hours tor the aeetyvleholine 


M. SCHACHTER AND 8S. DWORKIN 


to disappent as the result of inherent esterase activity, then added) prostigmin: 
or bile salt just prior to assay. In these latter cases the effeet on the musel 


was always negligible. The above observations prove that the esterase activits 


of whole blood is not appreciably inhibited by bile salt. Pypieal experiments 


results comparing the acetylcholine preserving power of bile salt with that oi 
prostigmine are shown in figure 3. 


Fig. 3 compares the acetylcholine preserving power of bile salt with that of prostigmine 
is shown by effeets on the frog rectus abdominis muscle. First, a known amount of ace tvl 
choline was added to dog’s blood (A) and to eat’s blood (B). In both sets of curves a 
represents the contraction of the reetus muscle four hours later when 1 mgm prostigmine 
had been added; all of the original acetylcholine is still present. 6! shows complete disap 
pearance of the acetylcholine in the same blood in the presence ol 5 mgm. bile salt instead 
of prostigmine. a? and 6? are control curves in which the prostigmine and bile salt re 


spec tively were added just before the ASSAY to blood which had stood for four hours 


SUMMARY AND CONCLUSIONS 


1. Bile salt in moderate doses (maximum 100 mgm. for a cat, 300 mgm. fon 
a dog, injected intravenously) produces a consistent, though short-lasting fall 
of the blood pressure. This depressor action persists after atropine, after 
vagotomy, and after destruction of the spinal cord, and is of peripheral origin 

2. The hypotensive action of bile salt is only occasionally accompanied by 
cardiae slowing. This slowing is abolished by vagotomy and by atropine, and 
is therefore of central vagus origin. 

3. Bile salt by itself, unlike prostigmine, does not enhance acetvicholine 
action; nor is its own action influenced by prostigmine. The characteristic 
depressor effect of bile salt in the cireulating blood is therefore not essentially 
due to inhibition of cholinesterase. 

t. These conclusions do not support the main contention of Antopol ef al. 
loc. cit.) or of Sobotka and Antopol (oc. e7t.) regarding the physiological mecha 
nism of the action of bile salt, nor the practical inference that the “vagotonic” 
signs of biliarv disease are due to esterase inhibition. 


We wish to express our thanks to Dr. B. P. Babkin for his continued sugges 
tions and help in these experiments. The work was financed in part by a grant 
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Armstrong and Heim (1, 2) first called attention to changes which occurred 
in the adrenal glands of rabbits exposed repeatedly to low pressure. In their 
experiments voung male rabbits were exposed for four hours daily, five days 
each week, ina decompression chamber to 2 pressure equivalent to 18,000 feet 
altitude. We have attempted to confirm the findings of Armstrong and Heim 
with respect to the changes in the adrenal glands of animals so exposed and 
have, in addition, extended the studies to include observations on other physio 
logical and biochemical changes which occurred ino animals subjected to this 
new environment. 

I. Sprupres ON RATS. A. MWethods. Young male rats of the Sprague Dawley 
strain weighing approximately 150 grams were used in all experiments. During 
the period ef exposure the diet consisted exclusively of Purina Dog Chow. The 
control animals received the same diet and care as the exposed animals. Dur- 
ing the periods in which the exposures to decreased pressure were being made, 
the control animals were placed in a cage outside of the decompression chamber 
in the same room. The temperature in the room was approximately the same 
as that within the decompression chamber. 

\ small metal decompression chamber equipped with an electric light and a 
glass window was used in these studies. The ventilation rate through the small 
chamber varied between 8 liters per minute at a pressure of 226 mm. Hg and 
75 liters per minute at a pressure of 429 mm. Hg. The temperature within 
the chamber remained relatively constant, Le., 23°C. + 2.5 exposures were 
made for four hours daily, five days a week for five to eight weeks. No exposures 
were made on Saturdays or Sundays. 

One group of rats was exposed to a normal atmosphere at a barometric pres 
sure of approximately 379 mm. Hg (pO. ¢«. 80 mm. Hg). According to the 
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\ltitude-Pressure Tables Based on the United States Standard Atmosphere (3 
this is approximately equivalent to the pressure at an altitude of 18,000 feet. 
Henceforth in this discussion the pressure levels employed for exposure will be 
referred to in terms of equivalent altitude expressed in feet using the data of 
\ltitude-Pressure Tables Based on the United States Standard Atmosphere and 
unless specifically stated no corrections will be made for temperature within the 
exposure Chamber. Another group of animals was exposed to a barometrice pres- 
sure of 258 mm. Hg, (pO. ec. 54 mm. Hg) equivalent to 27,000 feet altitude. 
Individual weight records were kept in all instances. Following the completion 
of a series of exposures the animals were rested for 48 hours and sacrificed after 
a 24 hour fast. At this time the blood sugar (4) and liver glycogen content (5 
were determined and in a few animals red blood cell volume (6) was measured. 
(Complete post-mortem examinations were made and microscopic sections of the 
adrenals, thyroids and hypophvses were studied. 

Adrenalectomized rats were also exposed to reduced pressure. These animals 
were maintained by means of 1 per cent sodium chloride in the drinking water, 
or daily injections of adrenal cortical extract®, or a single pellet of crystalline 
desoxycorticosterone acetate® (125 mgm.) implanted subcutaneously. 

B. Observations. Normal young male rats were able to withstand repeated 
exposures of four hours daily in the decompression chamber at a pressure equiva- 
lent to 18,000 feet altitude. The majority of animals were also able to withstand 
repeated exposures at a pressure equivalent to 27,000 feet altitude. It is inter- 
esting to note that in most instances the animals that did not survive exposure 
at the higher altitude (27,000 ft.) died during or following the first or second 
crposure period, and not as a consequence of repeated exposures. 

In general the animals showed greater restlessness, a higher rate of respiration, 
evidence of air hunger and signs of irritability and discomfort during the first 
exposure. Animals that exhibited a great degree of motor activity in the cham- 
ber usually tolerated the exposures poorly. Animals that survived repeated 
exposures were observed to rest quietly during the exposure and to recover 
rather rapidly after recompression to atmospheric pressure. 

Repeated daily exposures for five successive days in each week at a pressure 
equivalent to 18,000 feet altitude had little or no effect upon the rate of growth 
of voung rats (fig. 1). At a pressure equivalent to 27,000 feet altitude, however, 
there was a noticeable slowing in the rate of weight gain during periods of ex 
posure (fig. 2). These periods of decreased rate of growth were followed by pe- 
riods of accelerated rate of weight gain during the non-exposure periods (48 hrs. 
each week, i.e., Saturdays and Sundays). 

The hematocrit (per cent red cell volume) was determined in three rats which 
had been exposed on 27 occasions to a pressure equivalent to 27,000 feet altitude 


°> The adrenal cortical extract used in this study was provided by Dr. Ek. C. Kendall of 
the Mayo Clinic, Rochester, Minn. 

° Crystalline desoxycorticosterone acetate (pellets of 125 mgm. each) and desoxycorti- 
costerone acetate in sesame oil (Percorten) were provided through the courtesy of Dr. I 
Oppenheimer of the Ciba Pharmaceutical Products, Inc., Summit, N. J. 
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The average value for the hematocrit was 80 in the exposed animals as compar 
to 60 in unexposed controls. These observations are, of course, too few to | 
conclusive but suggest that repeated, short-period exposures to low pressu 
have an effect on hematopoiesis similar to that which has been observed 

human subjects and certain animals during continued residence at high altitude- 


Fig. 2 
Fig. 1. The effect of repeated daily exposures, 4 hours daily 5 days a week, toa pr 
sure equivalent to 18,000 feet altitude on the rate of growth of young male rats. 
Fig. 2. The effect of repeated daily exposures, 4 hours daily 5 days a week, toa pres 
sure equivalent to 27,000 feet altitude on the rate of growth of young male rats 
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Fig. 3. The effect of repeated exposures to low pressure on adrenal gland weight 
young male rats. 


A striking change was noted in the size of the adrenal glands (fig. 3) of all 
animals exposed repeatedly to a pressure equivalent to either 18,000 or 27,000 
feet altitude. The change, however, was more striking in the animals which 
had been exposed to the pressure equivalent to the higher altitude (27,000 ft. 
The degree of pressure reduction appeared to be a more important factor than 
the number of exposures (fig. 3). 
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The principal change seen in the adrenals of the exposed rats was a thickening 
f the cortex which accounts for the greater part of the enlargement of the gland 
it of this enlargement was due to a marked dilatation of the capillary bed, 
rticularly in the inner laver of the cortex and in the medulla. There was an 
nerease in the amount of fat in the cells of the zona fasciculata, most marked 
the peripheral portion. However, the greatest and most consistent 
mical change was a thickening of the zona reticulata due to an apparent 
ase in the number of cells. The cells of this zone are thought by Bennett (7 


represent the end-stage of secretory activity. 


TABLE 1 
of 258 mm. Hg (27,000 
i rats (4-8 weeks’ exposure 


NUMBER OF RATS 


ntrol. 
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TABLE 2 
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THERAPY NUMBER OF ANIMALS MORTA 


A. Pressure level 379 mm. Hg (18,000 ft., alti 


lium chloride 


esoxveorticosterone acetate 
irenal cortical extract 
rmal controls 


Pressure level 258 mr 


dium chloride 
soxveorticosterone 
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The medulla was either normal or slightly increased in size in the adrenal 
glands of exposed animals. 

A study of the blood sugar levels in fasted, normal rats (table 1) indicated 
that following repeated exposures to low barometric pressure these values were 
somewhat lower than those observed in control, unexposed animals. Lives 
glycogen values in both groups of fasting animals (exposed and unexposed) were 
very low. These observations are of particular interest in contrast to the very 
high carbohydrate levels which were observed in normal rats exposed to anoxia 
for a single period of 24 hours (8, 9) 

Adrenalectomized rats. Adrenalectomized rats, maintained with sodium chlo 


Effect if repeated exposures toa pressu the alu 
GROUP 
The relative effectiveness adrenalectomized rat 
exposed repeatedly to low pressure (4 hrs. daily, 5 days a t wks.) 
PER CENT MORTALITY 
tude equivalent) 
A 0 
20 { 
5. (27.000 ft., altitude equivalent) 
~ 
\ } 0 0) 
Ve 16 0 
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ride, were unable to survive repeated exposures to a pressure equivalent to 18,000 
feet or 27,000 feet altitude (table 2). Animals treated with pellets of synthetic 
desoxycorticosterone acetate were able to survive repeated exposures to a pres- 
sure equivalent to 18,000 feet altitude but were unable to survive (50 per cent 
mortality in a group of 4 animals) repeated exposures to a pressure equivalent 
to 27,000 feet altitude. Daily injections of 1 ec. of adrenal cortical extract 
(IXendall) enabled adrenalectomized rats to survive repeated exposures to a pres- 
sure equivalent to either 18,000 feet or 27,000 feet altitude (table 2). 

Discussion. It is of considerable interest to note that although young male 
rats readily survived repeated exposures of 4 hours daily at a pressure equivalent 
to 27,000 feet altitude, a marked decrease in the rate of growth occurred during 
the days on which the exposures were made. In contrast, the rate of growth was 
accelerated during the two-day rest period (Saturday and Sunday) each week. 
It is probable that the delay in growth may have been occasioned by a reduction 
in appetite and food intake. This question cannot be answered at present since 
the food intake of the exposed animals was not measured accurately. The de- 
creased rate of growth which was observed in the exposed animals should provide 
an excellent objective test method for studying the efficacy of various forms of 
therapy on improving adaptation to repeated exposures to low pressure. 

The increased size of the adrenals which occurred in rats exposed repeatedly 
to low pressure supports the observations of Armstrong and Heim (1) on rabbits. 
The extent to which pressure was reduced appeared to be a more important 
factor than the total number of exposures in increasing the size of the adrenals. 

The marked increase in red blood cells which occurred during the relatively 
short periods of exposure to reduced pressure is of special interest. These 
changes suggest that it is not necessary to reside continuously at high altitude 
in order to obtain a marked increase in red blood cell count. 

Earlier studies (Evans, 8; Lewis, Thorn et al., 9) indicated that exposure to 
anoxia for a period of 24 hours was attended by a striking rise in carbohydrate 
levels. Lewis, Thorn et al. (9) further demonstrated that this latter phase of 
carbohydrate plethora followed an initial phase (2-6 hrs.) during which there 
was a marked depletion of carbohydrate reserves. It appears from the present 
studies that repeated exposures to reduced barometric pressure do not result 
in the accumulation of carbohydrate reserves which occurs following a single 
24-hour exposure to anoxia, but rather results in an appreciable reduction in 
carbohydrate stores. 

The effect of specific therapy on the survival of adrenalectomized rats ex- 
posed to decreased pressure indicated that sodium chloride treatment offered 
relatively little protection, synthetic desoxycorticosterone acetate offered partial 
protection and adrenal cortical extract more complete protection. 

IL. SrupIEs ON RABBITS. <A. Methods. Young male albino rabbits, weigh- 
ing approximately 2 kgm. and approximately 3 months of age, were used in these 
experiments. During the period of exposure the diet consisted exclusively of 
rabbit chow (Maritime Milling Co.). Control animals received the same diet 
and general care as the exposed animals. 
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Rabbits were exposed in a small decompression chamber identical with that 
deseribed in the experiments on rats (see Methods). Exposures were made for 
four hours daily seven days a week to a normal atmosphere at a barometric pres- 
sure of 379 mm. Hg, in which the partial pressure of oxygen was 80 mm. Hg. 
\ccording to the U.S. Standard atmosphere pressure this is equivalent to 18,000 
feet altitude. Another group of animals was exposed to a pressure level of 282 
mm. Hg, in which the partial pressure of oxygen was 59 mm. Hg, equivalent to 
25,000 feet altitude. 

Individual weight records were kept on all animals. Following the com- 
pletion of a series of exposures, the animals were permitted to rest over night 
under fasting conditions and on the following morning a specimen of heart’s 
blood was obtained under oil after which the animals were sacrificed. Studies 
were made of the blood sugar, non-protein nitrogen, serum sodium, chloride, 
carbon-dioxide combining power, potassium, and red blood cell volume. Com- 


TABLE 3 TABLE 4 
Survival of normal rabbits exposed to low Effect of re peated exposures to low pressure 
pressure: exposed for 4 hours daily, 7 days on hematocrit and oxygen content of blood 
a week of normal rabbits: exposed for 4 hours 


daily, 7 days a weel 


HEMA 
NUMB 
TOTAL PER I RIT 
NUMBER OF NUMBER © ER 
NUMBER CENT NUMBER |, VOL. PER 
PRESSURE OF ANIMALS PRESSURE Of 
OF EX SUR ; OF EX ENT 
ANIMALS SUR ANIMAI BLOOD | 
POSURES VIVAL POSURE PACKED 
VIVING 
RB 
mm. He mm. 11x 
Control 100 Control 9 18.3 12 7 
379 5 35 5 100 379 } 35 a 19.8 
282 15 21 5 33 282 1 21 22.3 58.0 
282 3l 6 


plete post-mortem examination was made and the weights of the thymus and 
adrenal glands were recorded. 

B. Observations. Normal, young male rabbits were able to withstand re- 
peated exposures of four hours daily, seven days a week, for five weeks, to a 
pressure equivalent to 18,000 feet altitude. No deaths occurred in this group 
of animals during the five weeks of exposure. However, in contrast to normal 
rats, many of the normal rabbits suecumbed when exposed to a pressure equiva- 
lent to 25,000 feet altitude. In a group of 15 animals, 3 succumbed on the first 
day of exposure, 4 died on the second day, and one each on the fourth, fifth and 
twelfth days. This experiment was terminated at the end of 21 exposures (3 
wks.) at which time only 5 animals had survived (table 3). 

Post-mortem examination of the animals that succumbed at a pressure equiy 
alent to 25,000 feet altitude showed hemorrhages into the lungs and not in 
frequently herniation of dilated loops of intestine through the diaphragm into 
the thoracic cavity. 
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To confirm the pathological changes that were observed in a group of 15 ani 
mals exposed to a pressure equivalent to 25,000 feet altitude, an additional 
group of 31 animals was exposed in the same way for 4 hours daily for 2 to 9 days. 
During this period there were 22 deaths, i.e., 4 on the first, 7 on the second, 3 on 
the third, 3 on the fourth, 4 on the fifth and 1 on the sixth day, respectively 

Post-mortem examinations revealed the following gross findings: 1. Pulmo 
nary edema and hemorrhage in practically all cases. 2. In 9 cases evidence of 
diaphragmatic rupture and herniation of abdominal viscera into the thoraci: 
cavity, with occasional rupture of the stomach. 

Further evidence has been obtained which indicates that expansion of in- 
testinal gases during altitude exposure is largely responsible for failure of rabbits 


18,000 FEET 


BODY WEIGHT 
Gms 


Fig. 4. The eflect of repeated daily exposures to low pressure on the rate of growth of 


young male rabbits. 


as a species to tolerate reduced pressures which are well tolerated by other ro- 
dents. Thus 4 rabbits which were fed a milk diet for 3 days instead of their 
usual bulky diet and 2 rabbits which were fed the normal diet to which activated 
chareoal had been added were able to survive four hour exposures to a pressure 
equivalent to 25,000 feet altitude, whereas one of two rabbits which were placed 
in an atmosphere of oxvgen for 22 minutes and then decompressed to a pressure 
equivalent to 36,000 feet altitude 7 an atmosphere of oxygen died and revealed 
at post mortem the characteristic changes previously described. 

fepeated exposures to low pressure had a pronounced effect on the weight 
gain of voung male rabbits (fig. 4). Animals exposed to a pressure equivalent 
to 18,000 feet altitude failed to gain weight during the first 10 days of exposures 
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i contrast to control animals in which an avet 


rage wWwelgnt gain of appronxin 


100 grams was observed. However, after this initial period, the animals expose 
o a pressure equivalent to 18,000 feet altitude gained weight at approximate! 


the same rate as the control animals. Rabbits exposed to a pressure equivalent 


to 25,000 feet altitude lost weight during the first half of the exposure, and sur 


and sul 


vivors thereafter showed an increase in weig 


+ 


} 
i 
he blood and in per cent red blood 
cell volume (hematocrit) was noted in rabbits exposed repeatedly to low press 


A consistent increase in oxygen capacity ol 


ure 
table 4). The increase in hematoerit values and oxygen capacity of the blood 
was somewhat greater in the group of animals which had been exposed to th 


lower pressure, 1.e., equivalent to 25,000 feet altitude In these experiments 
study of the serum electrolyte concentration indicated that in the group 
inimals exposed to a pressure equivalent to 25,000 feet altitude there 


4 
4 
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EXPOSURES EXPOSURES 


Fig. 5 Fig 6 

Fig. 5. The effect of repeated exposures to low pressure on blood sugar and liver gh) 
cogen levels in normal rabbits. 

Fig. 6. The effect of repeated daily exposures to low pressure on adrenal and thy 
weights in normal rabbits. 


lowering of serum sodium (6 m.eq.), chloride (4 m eq. and carbon dioxide-com 
bining power (2.4 m.eq.) and a slight rise in serum potassium (0.7 m.eq.) and 


blood non-protein nitrogen (8 mgm.). A decrease in serum sodium (5 m.eq 


and a slight rise in blood non-protein nitrogen were the only changes which wer 
observed in the group of animals exposed repeatedly to a pressure equivalent 


to 18,000 feet altitude. 

The effect of repeated exposures to low pressure on blood glucose and live: 
glycogen levels was also studied. The observations made in these experiments 
8 animals in each group) suggest that repeated exposures to low pressure. re 
sulted in lowered carbohydrate levels (fig. 5). The depletion of carbohydrate 
reserves was much greater in the animals which had been exposed to the lower 
pressure (25.000 ft.). It is of interest to contrast the ce pletion of carbohvdrate 


reserves Which occurred in animals exposed repeatedly to anoxia with the great 
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increase in carbohydrate levels which was observed in rabbits following a singk 
24-hour exposure to anoxia (Lewis, Thorn et al., 9). 

The most striking changes which occurred in these experiments was the in 
crease in adrenal gland weight and the decrease in thymus weight (fig. 6). The 
inerease in adrenal gland weight is similar to that which has been described by 
Armstrong and Heim (1, 2) and which we also observed in rats. The decrease 
in thymus weight has not been reported previously in animals exposed to low 
barometric pressure although a similar decrease in thymus weight has been ob- 
served in normal animals treated with excessive quantities of certain adrenal 
steroids (10). 

Discussion. <A strict comparison between the results obtained in this series 
of experiments and those obtained by Armstrong and Heim (1, 2) is not possible 
since. these investigators exposed rabbits for 4 hours daily, 5 days each week 
and subjected the animals to an “altitude tolerance test”? once during the two 
days in each week when regular exposures were not made. Although the 
“altitude tolerance test’? was not fatal when employed by these investigators 
on control unexposed rabbits, all the fatalities in the exposed group of animals 
occurred during the weekly altitude tolerance test and not during the daily ex- 
posure period at a pressure equivalent to 11,000 or 18,000 feet altitude. In the 
group exposed at 18,000 feet altitude the mortality rate was approximately 75 
per cent in the experiments of Armstrong and Heim. 

Armstrorig and Heim concluded that daily exposures were followed by im- 
proved adaptation for a period of 3-4 weeks after which deterioration occurred. 
In a second series of experiments they followed changes in weight, mortality, 
blood eytology and blood non-protein nitrogen in a group of rabbits exposed 
daily at a pressure equivalent to 18,000 feet altitude, 5 days a week. These 
animals were also subjected to an altitude tolerance test. They observed a 
gradual decline in body weight and in hemoglobin in these animals associated 
with a decrease in blood non-protein nitrogen. These changes were accompanied 
by decreased altitude tolerance. However, their figures (2) as given do not sup- 
port the hypothesis that the mortality rate increased after repeated exposures 
since the weekly death rate of the 32 animals was 0, 1, 3, 2 and 0 in the Ist, 2nd, 
3rd, 4th and 5th weeks respectively. 

Our results differed considerably from those of Armstrong and Heim since at a 
pressure equivalent to 18,000 feet altitude the animals showed a gradual adapta- 
tion accompanied by an improvement in general reaction, gain in weight and 
by a rise in hematocrit values although there was an appreciable reduction in 
concentration of base in the serum (approximately 6 m.eq.). 


Concerning the mortality rate of rabbits exposed repeatedly to low pressure 
we have had the same experience as Armstrong, but have not subjected the ani- 
mals to the rigorous altitude tolerance test, thus avoiding fatalities at altitudes 
of 18,000 feet and below. At a pressure equivalent to 25,000 feet altitude the 
mortality rate was very high (approximately 75 per cent) in our series of exper- 
iments. 
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Post-mortem study of the rabbits that succumbed revealed areas of atelec 
tasis and hemorrhage described by Armstrong and Heim (2). In addition to 
this it Was noted that in many instances rupture of the diaphragm, or stomach, 
or both had oecurred. 

\ careful study of the organs of the rabbits that had survived the 18,000 feet 
exposure revealed that the adrenals had enlarged, as Armstrong and Heim (2 
have shown, and furthermore that the thymus had undergone atrophic change 
The reciprocal relationship between adrenal cortex and thymus is well known 

10, 11). 

Irom these studies it is apparent that the rabbit is an unsuitable species for 
investigating the effects of anoxia produced by low barometric pressure beeause 
of mechanical disturbances which result from expansion of intestinal gases 
However, rabbits, like rats, appear to adapt themselves readily to repeated ex 
posures to a moderate reduction in barometric pressure (18,000 ft. altitude 
This adaptation is accompanied by an increase in hemoglobin, an enlargement 
of the adrenal glands and a striking decrease in the weight of the thymus. 

II]. Srupies ON poGs. A. Methods. Adult, male dogs, weighing 10 to 15 
kgm., were used in these experiments. The animals were maintained on a diet 
which consisted of raw beef. They were fasted for 16 hours before each exposure 
and were fed approximately 2 hours after the end of the exposure period. “The 
eare of the animals and the technies used in these studies have been described 

9). Careful weight records were kept. 

The animals were exposed in a large decompression chamber equipped with 
electric light and plate glass observation windows. The ventilation rate through 
the chamber was 50 to 60 cubie feet per minute. The temperature within the 
chamber remained relatively constant, Le., 23° + 2°C. [It was possible to ex 
pose 4 dogs in individual cages simultaneously. Exposures were made for four 
hours daily, five days a week at a barometric pressure level of 282 mm. Hg, in 
which the partial pressure of oxygen was 59 mm. Hg (equivalent to 25,000 ft 
altitude). No exposures were made on Saturdays or Sundays. 

Two bilaterally adrenalectomized dogs, maintained by means of subcutane 
ously implanted pellets of erystalline desoxycorticosterone acetate, were also 
subjected to repeated exposures to low barometric pressure. Prior to exposure, 
these animals were in good physical condition and chemical studies of the blood 
revealed no abnormalities. 

B. Observations. Normal dogs exposed to a barometric pressure of 282 min 
Hg (equivalent to 25,000 ft. altitude) for four hours daily, five days a week, 
soon lost appetite and their weight deereased. They were observed to vomit 
occasionally during exposure and frequently in the periods between exposures. 
The weight loss varied considerably in different animals (fig. 7). As tar as could 
be detected normal dogs showed no other obvious signs and symptoms from re 
peated exposures at this pressure. It is interesting to note that the dogs did 
not regain their former weight for several months after the exposures had been 
discontinued. Adrenalectomized dogs, maintained on desoxycorticosterone 
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Fig. 7. The effect of repeated daily exposures to low pressure equivalent to 25,00 
feet altitude on weight of normal dogs. 


big. 8. The effect of repeated daily exposures to low pressure equivalent to 25,000 feet 
altitude on weight of adrenalectomized dogs maintained with synthetic desoxycortic 


sterone acetate. 


Fig. 9. The effeet of repeated exposures to decreased pressure on hematocrit 
oxygen capacity of blood-normal dogs. 
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Fig. 10. The effect of repeated exposures 
oxygen capacity of blood-normal dogs. 


35 days 
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acetate, were not able to withstand exposure to reduced barometric pressure 
equivalent to 25,000 feet altitude (fig. 8); exposure of dog 220 was discontinued 
ecause of the poor condition of this animal. 

Blood chemical studies revealed no significant changes in the normal dogs ex- 
osed repeatedly to low barometric pressure (table 5). This is in marked con 
trast to the shift in serum chloride and carbon dioxide which was observed in 


TABLE 5 
Blood chemical findings in normal dogs exposed repeatedly to lo 
daily, five days a week 
TOTAL SERUM 


NUMBER OF OMBINING 
EXPOSURES 


NUMBER OF 
ANIMALS 


mm. H¢ 


Control 


282 22-06 


TABLE 6 
Changes in red blood cell count, hematocrit and oxygen capactly of the 
exposed repeatedly to low pressure: 4 hours daily, 6 days a week (25,000 ft 
equivale nt) 
HEMATOCRIT, 


F EXPOSURES VOLUME PER CENT 
PACKED RED CFLI 


RED BLOOD 


‘ontrol period 
days exposure 


exposure 


a pe riod 
ays exposure 


s rested 


( ontrol period 
40) day expose d 


35 days rested 


Control period 
22 days exposure 
50 days rested 


IS days exposure 


normal dogs exposed to the same decrease in oxygen tension for a single period 
of 24 hours. 

The most striking change which was observed in these experiments was the 
extent to which the red blood cells and hemoglobin increased in dogs exposed 


repeatedly to low barometric pressure (table 6). In 4 animals prior to exposure 


the average packed red blood cell volume (hematocrit) was 54.5 per cent, the 


or & 


red blood cell count was 9.2 million and the oxvgen capacity was 2: 


nel cp ive 
BLOOD NON 
PRESSURE PROTEIN 
NITROGEN 
3 147.2 108.8 24.6 35 4.2 
146.2 109.5 24.8 i4 6.3 
PER iM 
5 ( 54.0 4 
3) 63.2 12.0 97.9 
79.0 29.3 
d 6HS_6 0) 
70 day =! 52.5 
52.6 24.3 
68 .2 13.2 29.2 
56.0 23.4 
61.5 
55.0 
66.0 27.5 
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days 
(39 day average) the red blood cell volume (hematocrit) increased to 69.4 pet 


oxygen per 100 ec. blood. During exposure to low pressure for 18 to 5: 


cent, the red blood cell count increased to 12.6 millions and the oxygen capacity 
rose to 28.4 ce. oxygen per 100 ee. blood. During rest periods of 35 to 70 day = 
the average hematocrit value fell to 55.9 per cent (fig. 10). 


SUMMARY 


lL. Young male rats, exposed repeatedly to a pressure equivalent to 18,000 feet 
altitude for four hours daily, five days a week over a period of 5 to 8 weeks, 
maintained a normal rate of growth and appeared to tolerate the exposures rathe: 
well. The majority of a group of voung male rats, exposed in a similar manne) 
to a pressure equivalent to 27,000 feet altitude tolerated the exposures but failed 
to gain weight at a normal rate during the days on which exposures were mace 
Adaptation to repeated short exposures to low pressure was associated with 
a, increase in hematocrit values (volume per cent of packed red blood cells 
bh, increased weight of adrenals. The fasting levels of blood sugar and live: 
glycogen of animals exposed repeatedly to low barometric pressure were normal 
or lower than normal. Adrenalectomized rats were unable to withstand re 
peated exposures to low barometric pressure unless treated with adrenal cortical 
hormone. 

2. Young male rabbits tolerated repeated daily exposures (4 hrs., 7 days a wk., 
for 5 wks.) to reduced barometric pressure equivalent to 18,000 feet altitude. 
Such animals did not tolerate repeated exposures to a pressure equivalent to 
25,000 feet altitude. Death of animals was associated with hemorrhages into 
the lungs and herniation of distended loops of intestine into the thoracie cavity. 
Most of the fatalities occurred during the first or second day of the exposure. 
Repeated exposures to low pressure equivalent to either 18,000 or 25,000 feet 
altitude were accompanied by a striking but temporary delay in rate of growth. 
A slight reduction in the concentration of sodium, chloride and in the earbon- 
dioxide combining power of the serum was noted in rabbits exposed repeatedly 
to a pressure equivalent to 25,000 feet altitude. The carbohydrate levels of 
rabbits exposed repeatedly to low pressure were reduced considerably below 
those of unexposed controls. Repeated exposures to low pressure were ac- 
companied by a, increase in oxygen capacity of the blood; b, increase in hema- 
tocrit values (volume per cent of packed red blood cells); ¢, increase in adrenal 
weight; ¢, decrease in thymus weight. 

3. Normal dogs exposed repeatedly to low barometric pressure equivalent to 
25,000 feet altitude soon developed anorexia and weight loss. Normal weight 
was not restored for weeks after exposures had been discontinued. Adrenalecto- 
mized dogs maintained on desoxycorticosterone acetate did not tolerate repeated 
exposures to low barometric pressure equivalent to 25,000 feet altitude. No 
significant changes in serum electrolyte concentration were observed in dogs ex- 
posed repeatedly to low pressure. The great increase in the number of red 
blood cells, hematocrit value and oxygen capacity of the blood was the most 
striking change which was observed in normal dogs exposed repeatedly to low 
pressure. 
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The systemic arterial blood pressure changes (fall in inspiration, rise in ex , 
piration) have commonly been thought to be due in part to fluctuations in th 
filling and consequently the output of the heart induced by respiratory fluetus 
tions in intrathoracic pressure. The decreased intrathoracic pressure associated 


with inspiration is generally considered to have an “‘aspiratory’’ effect upon 
the veins within the thorax, and hence to augment the inflow of blood to th 
right heart (Burton-Opitz, 1902; Hooker, 1921; Wiggers, 1921; Visscher, Rup) 
and Scott, 1924; Heinbecker, 1927). Closed chest measurements of cardia: re 
output by means of a glass oncometer similar to that first described by Wiggers L 
and Katz (1922) have given rather contradictory results. Eyster and Hick- 
1933) found that inspiration was associated with greater diastolic size, but | 

with a decreased stroke volume, which seemed inconsistent with the Starling | 
principle. Cahoon, Michael and Johnson (1941) found that there were both 
decreased diastolic size and decreased stroke volume during inspiration. These 
findings were consistent with the Starling principle, and seemed to account, in 
part, for the fall in arterial pressure during inspiration. 

Boyd and Patras (1941), recognizing the fact that previous measurements oi 
cardiac output had been made with the ventricles operating against an unchang 
ing atmospheric pressure, designed a recording system wherein the ventricles 
operated against fluctuating negative pressures approximating those of the 
closed chest of a dog breathing normally. Their experiments showed that when 
the heart operated against approximately intrathoracic pressures instead of 
atmospheric pressures there was a definite increase of both diastolic volume and 
~troke volume during inspiration. These results were consistent with both the 
Starling principle and the concept of aspiration of blood into the thorax and 
heart in inspiration, but left unanswered this question: if the heart pumps more 
blood during inspiration, why should the arterial blood pressure fall during that 
phase of respiration? 

EXPERIMENTS EMPLOYING THE DIFFERENTIAL MANOMETER. In an attempt 
to check the findings of Boyd and Patras, a recording system was designed which 
allowed free interchange of pressure yariations between the interior of the chest 
and the ventricles in the oncometer, and which in addition eliminated the pos- 
sibility of any respiratory displacement of the recording membrane. The 
method of recording was adapted to the stationary optical manometer devised 
by Hamilton, Brewer and Brotman (1934). The manometer was of the differential 


1 Now at University of Georgia Medical School, Augusta 


620 


LRTERIAL BLOOD PRESSURE FLUCTUATIONS WITH RESPIRATION 621 


pe, equipped with a very sensitive rubber membrane (see fig. 1, right (ne 
. imber of the manometer was connected to the oncometer, the other to the 
itrapleural space. A communication was established between the two tube 
ding to the chest and the oncometer respectively. This communicating tubs 
wuld be constricted or enlarged at will, thus affording a means of regulating the 


ursion of the recording membrane. (The oncometer system was also con 
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- Fig. 1. Diagrammatic representation of cardiometer recording system. At left is system 
Ol used by Cahoon, Michael and Johnson; at right is system described in this paper 
vd Fig. 2. Simultaneous curves of intrathoracic pressure, ventricular volume, and carotid 
he pressure. At left with the ventricles under atmospheric pressure, at right with ventricles 
under intrathoracic pressure. 

Fig. 3. Graph of intrathoracic pressure, right and left ventricular ‘‘volumes,’’ and ea 
a rotid pressure. Ordinates for ventricular volumes are measured areas in square inches, ab 
ut scissas are #y second intervals (movies at 32/sec.). 

Fig. 4. Block diagram of same record as figure 3, showing right, left, and total ventricular 
pt stroke volumes in ten successive heart beats occurring during nearly two respiratory cycles 
; \lean carotid blood pressure is superimposed. 
perimy 
st 

nected to the usual large closed air space which allowed a minimum of interference 
with cardiac filling and ejection.) It can be seen that this system allowed free 


interchange of pressure variations 


between the chest and the oncometer,and 


that at the same time the influence of intrathoracic pressure was equal on both 


sides of the recording membrane. 


munieating tube, a condition coul 
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chest pressure changes were distributed throughout the whole svstem, while t! 

rapid movements of the heart could still cause excursions of the manomet: 

membrane. Controls run during each experiment showed that there was | 

displacement of the membrane due to respiratory pressure changes. Recording 
could be done under the conditions used by Cahoon, Michael and Johnson (194 | 

fig. 1, left) by closing the intercommunicating and intrapleural tubes. Direc: 
comparisons of the two methods could be made from these records. 

Medium-sized dogs anesthetized with sodium barbital were used. Artifici 
respiration was supplied by means of interrupted blasts, the 4th and 5th rib- 
on the right were resected, the pericardium removed, and an oncometer w: 
placed over the two ventricles. Care was taken to assure that there was neith« 
leakage nor constriction at the A-V groove. Before closing the chest, two 
metal trocars were inserted between the 2nd and 3rd ribs, one on either side ot 
the midline. One of these trocars was attached directly to an optical manomet: 
for recording intrathoracic pressure changes, and provided with a side tuly 
through which air could be exhausted from the chest. The other trocar and thi 
oncometer were attached to the differential manometer as described in the pr 
ceding paragraph. The chest was closed with large hemostats, the air wa- 
aspirated from the chest, and normal respiration allowed to proceed. Carotid 
pressures were recorded simultaneously. 

Figure 2 shows records taken under the two different recording conditions, 
within approximately thirty seconds of each other. These results (right half oi 
figure) confirm those of Bovd and Patras (1941) even to the point that the largest 
systolic excursion occurred when expiration and systole began simultaneously 
No accurate calibration of the volume changes of the heart was obtainable with 
this recording svstem although a very crude calibration could be made at the 
close of the experiment by rapidly injecting into or removing from the oncomete: 
tubing, known volumes of air. 

Figure 2 demonstrates that carotid blood pressure drepped during inspiration 
whether the ventricles were exposed to atmospheric or intrathoracic pressure 


In these and all previous records made with the ventricles under atmospheri 


pressure (fig. 2, left) the rise and fall in carotid pressure corresponded to the 
rise and fall of ventricular diastolic volume and stroke. But if the results 
obtained with the ventricles under intrathoracic pressure (fig. 2, right) are valid, 
it becomes necessary to explain why in inspiration the carotid pressure falls when 
the ventricles are ejecting more blood. It was thought that perhaps at the time 
of inspiration there might be an increase in the diastolie and stroke volumes of th« 
right ventricle which would be so large as to mask a possible decrease in the left 
heart volume and stroke. Since no satisfactory method has been evolved to 
measure directly the volume changes of the ventricles independently of each 
other, the following experiment was devised: 

Differential ventricular volumes. Large dogs, (18-25 kgm.) were used, anesthe- 
tized with sodium barbital. A ventral ‘‘plate” of ribs and muscle was removed 
from directly over the heart. A crucial incision was made in the pericardium 
and the edges were sutured back to the chest wall to form a cradle for the heart. 
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Small dises of white cardboard with black centers were affixed to the ventricles 
with collodion to outline each ventricle as completely as possible \fter insert 
ing a trocar through the chest wall for recording of respiration, a curved window 
of transparent plastic was placed over the chest opening, and the skin pulled up 
around it to form oan air tight seal. “The ehest was evacuated and normal res 
piration allowed to proceed. Indicators, for recording carotid and intrathoracic 
pressures, were arranged to move above suitable scales within the optical tield 
of a camera aimed at the heart. High speed motion pictures were taken under 
different experimental conditions. 

Individual photographie enlargements were then made of a number of sue 
cessive frames from each experiment. Each group of approximately 140 trames 
included at least two respiratory evcles. | Lines were drawn bet ween the markers 
on each print to outline each ventricle separately, using the intraventricular 
septum as Common to both ventricles. The enclosed areas in each frame were 
measured with a planimeter and simultaneous blood and intrathoracic pressures 
observed, Only groups of frames were used where careful counts showed thi 
heart rate to be constant. Figure 5 shows four frames representative of the 
comparative ventricular areas at the peak of svstole and diastole during the 
height of inspiration and expiration respectively 

It must be remembered that it 7s mot assumed that the measured areas are 
accurate reflections of the volumes of the ventricles, but to avoid coming new 
and useless names the terms “volume”, “stroke” and “output” will be applied 
without modification. All numerical results are in arbitrary units, but thes 
are strictly comparable in cach experiment, since projection distances were 
kept constant throughout. The measured areas of the right and left ventricle 
were never more than approximately equal, but it was assumed that the output 
of the left ventricle would be equal to that of the right over a period of several 
respirations, and numerical results were in some cases corrected and graphing 
was done accordingly. However, the graphs showed the same qualitative re 
sults whether erude or corrected data were used, 

Figure 8 gives the results of one experiment in which are plotted the measure 
ments, from the successive movie frames, of left and right ventricular “volumes,” 
intrathoracic pressure, and mean arterial blood pressure. [Tt can be seen trom 
this and the numerical data given in figure 5 that during inspiration the diastolic 
and stroke volumes in the right ventricle increase, while the corresponding 
measurements of the left ventricle decrease, The reverse is trae during ex 
piration. This corresponds with the findings of Cahoon, Michael and Jolinson 
(1941) on the auricles: in inspiration the diastolie volume of the right auriel 
increases, While that of the left auricle decreases, Figure 4 shows that) when 


measurements are made with the ventricles under intrathoracic pressure, the 


total stroke output increases during inspiration, ‘This is due to the great in 
crease in the stroke of the meht ventricle, whieh is sufficiently great to mask the 
simultaneous diminution in left ventricular stroke volume. Phe mean arterial 

> These prints were made directly from positive film, so the blacks and whites are natu 


rally reversed 
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blood pressures, when graphed on an appropriate scale, coincide at the majority 
of points with the changes in left ventricular stroke volumes (as would by 
expected) and are independent of the activity of the right ventriele. The effect: 
of respiratory changes on ventricular volume and stroke were augmented by deep 
respiration and tracheal occlusion, diminished during quiet, shallow breathing 
and climinated during apnea induced by central superior larvngeal stimulation 

Differential blood pressures. Vo: determine whether intrathoracic pressure 


changes are directly transmitted to the systemic arteries, contributing to the 
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Fig. 5. Photographs of four selected movie frames, showing method of measuring arens 


of ventricles 


respiratory changes in-arterial pressure, the following experiments were devised: 


Four dogs were trained daily to he quiescent while femoral blood pressures were 
taken by direct arterial puncture. Simultaneous pneumograph and blood pres 
sure recordings were taken on the TLamilton manometer. “Phe animals showed 
definite simus arrhythmia and a distinet drop in blood pressure which coincided 
with inspiration. ‘The arrhythmias and respiratory variations were present 
even after the dogs had become accustomed to the procedure, at which time 


breathing was normal. Other records from animals which had been trained for 
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more than a year showed definite rhythmical variations in blood pressure, with 
or without sinus arrhythmias. 

At the end of a two weeks’ training period, the dogs were anesthetized with 
ether, and a cannula, stoppered airtight, was placed through the chest wall to 
communicate with the intrathoracic space. After a two day recovery period 
femoral pressure tracings were made with a differential manometer and the 
intrapleural cannula was connected to the tube leading to the outer chamber of 
the differential manometer. Recording of intrathoracic pressure was done by 
means of a second tube attached to the intrapleural cannula. Controls taken 
before puncturing the artery showed a definite respiratory excursion of the 
differential membrane which corresponded to the simultaneous intrathoracic 
pressure tracing. Femoral pulse tracings were obtained while alternately clamp- 
ing and opening the tube leading from the chest cannula to the manometer, 
so that ordinary and differential arterial pressures were obtained alternately. 

If respiratory variations in peripheral pressures during normal breathing are 
caused to any appreciable extent by direct transmission of intrathoracic pressure 
changes, these respiratory variations should be diminished or eradicated by dif- 
ferential recording of intrathoracic pressure against blood pressure. Our data 
show that there is a slight elevation of the level of femoral pressures, and a re- 
duction in the difference between the extremes of blood pressure at the peak of 
inspiration and expiration. There remain, however, variations in pressure with 
respiration which may be due in part to sinus arrhythmias and in part to changes 
in stroke volume, as described above. That changes in stroke volume are im- 
portant are shown by the decrease in pulse pressure from expiration through 
inspiration. 

Discussion. Although the use of measurements of ventricular surface area 
changes is but a crude approximation of the volume changes within the ventricle 
itself, there seems to be little doubt that such measurements reflect the true 
changes in ventricular volume. The “volume” changes plotted in figure 3 seem 
to be true approximations to volume changes, because: 1, the contour of the 
plotted curves resemble oncometer volume curves, including an occasional 
typical diastasis, and even in some cases (not shown in fig. 3) there is a suggestion 
of the auricular “hump” which characterizes heart volume changes made with 
the oncometer; 2, there is a rather close correlation between the left ventricular 
“stroke volumes” and corresponding carotid pressures; 3, in accordance with the 
Starling principle, ventricular stroke volume bears a positive relationship to the 
diastolic size. 

Strughold (1930) calibrated similar area measurements of the ventricles by 
injecting known volumes of fluid. He reported a geometrical relationship be- 
tween volume and area within phsviological limits. Burchell and Visscher (1941) 
criticise area measurements as a method of measuring heart volumes because 
of the angular displacement caused by rotation of the heart with each cardiac 
cycle. There is also the possibility that errors may be introduced by the rise 
and fall of the apex of the heart with inspiration and expiration, respectively. 
Since in our experiments the heart was cradled in the pericardium, rotation 
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was minimized, and mathematical constructions plus photographs of the heart 
with different degrees of inflation of the lungs show that the errors thus intro- 
duced are not only very small, but would tend to diminish, rather than increase, 
the effects of respiration upon stroke volume. 

Apparently, then, there is an aspiration of blood into the right auricle and 
ventricle in inspiration. Through the operation of the Starling effect, the right 
ventricle increases its output. Despite this, the left ventricle fills less during 
this phase of respiration, presumably because of an increase in the capacity of 
the pulmonary bed, and the quantity of blood retained in the pulmonary vessels 
(see Burton-Opitz, 1921; Heinbecker, 1927; Trimby and Nicholson, 1940; Cahoon, 
Michael and Johnson, 1941). This capacity increase is apparently sufficient 
to accommodate the greater amount of blood pumped by the right ventricle and, 
unless the inspiratory period is prolonged, to withhold it from the left heart until 
the onset of expiration. In some of these experiments, during the latter part of 
a long inspiratory pause, the left ventricular diastolic and stroke volumes 
tended to increase. It also seems probable that the elastic recoil of the pulmonary 
vessels during expiration tends to “force”? blood out of the pulmonary vessels 
into the left heart, in addition to restricting the filling of the right heart. Thus, 
blood is sent to the lungs and retained there in larger amounts during the most 
advantageous time for aeration. 

There is no doubt that, when it exists, a respiratory sinus arrhythmia also 
contributes somewhat to the blood pressure changes produced by the respiratory 
movements. In the absence of such an arrhythmia the carotid blood pressure 
fluctuations are due mainly to changes in the stroke volumes of the left ventricle. 


SUMMARY 


1. In dogs anesthetized by sodium barbital, direct cardiac volume changes 
were measured by means of an oncometer during normal breathing, with the 
ventricles exposed to intrathoracic pressure changes. During inspiration there 
was an increase in total diastolic size and stroke volume of the two ventricles. 
This confirms the findings of Boyd and Patras (1941). 

2. Systemic arterial pressure decreased during inspiration in spite of increased 
total cardiac output during the same phase of respiration. 

3. Under sodium barbital anesthesia, a portion of the ventral chest wall was 
removed, the heart exposed, and paper markers affixed to the heart so as to out- 
line each ventricle. A window was sealed into the ventral chest opening, normal 
respiration was reinstated, and motion pictures were taken of the heart. Sue- 
cessive single frames were projected, the area of each ventricle measured in each 
frame, and these areas plotted together with simultaneous intrathoracic and 
carotid pressures. The right ventricle showed increased diastolic size and stroke 
volume during inspiration, while the same measurements on the left ventricle 
decreased; the reverse was true during expiration. 

4. The increased diastolic size and stroke of the right ventricle during inspira- 
tion suggest that more blood is pumped into the lungs during that phase, while 
the decreased diastolic size and stroke of the left ventricle indicate that the blood 
is withheld from the left heart until the onset of expiration. 
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5. Systemic arterial blood pressure measurements on trained, unanesthetized 
dogs showed but slight reduction of respiratory influences on blood pressure 
when intrathoracic pressure influences were eliminated by the use of a differential 
manometer. These reductions are equivalent to simultaneous intrathoracic 
pressures, but are not sufficient to eliminate respiratory fluctuations in blood 
pressure, 

6. The main factor responsible for the arterial blood pressure fluetuations of 
respiration is the changing output of the left ventricle. A sinus arrhythmia and 
direct influences of intrathoracic pressures may modify somewhat these blood 
pressure changes. 

7. Each ventricle responds independently in accordance with the Starling 
principle, regardless of the diastolic size of the other ventricle. 
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A few instances are reported where humans with only one ventricle have lived 
to adult life (1). Most amphibia and reptiles have only one ventricle and yet 
these animals live in many environments over a large share of the globe and 
manage to reach maturity. Is the presence of only one ventricle in these ani- 
mals an imperfect arrangement as it is often called (2, 3, 4) or does it provide 
certain advantages? 

Previous studies have shown that turtles possess a very effective mechanism 
for increasing the systemic blood flow (5). In the present paper these studies 
are extended to include the pressure relationships, which are present in the 
pulmonary artery. 

Inspection of the large vessels, which arise from the one ventricle of the 
turtle, shows dark red (venous) blood in the pulmonary artery, bright red arte- 
rial blood in the aorta supplying the head region and mixed blood in the aorta 
to the body. Greil (see 6) proved that very little mixing of the arterial and 
venous blood occurred in the ventricle. He injected a solution of sodium fer- 
rocyanide into the pulmonary vein and after a systole observed the Berlin Blue 
reaction only in the blood from the aortas. He then injected the solution into 
the inferior vena cava and after a systole observed the Berlin Blue reaction only 
in the blood from the pulmonary artery. 

The present conceptions of the mechanisms which influence the flow of blood 
through the turtle heart are based mainly upon the studies of Briicke and of 
Sabatier (6, 7, 8) and generally incorporate the following. Venous blood from 
the right auricle passes to the right side of the ventricle and arterial blood from 
the left auricle passes to the left side of the ventricle. The incomplete septum 
(interventricular ridge) and the spongy nature of the ventricular wall restrict 
mixing of the arterial and venous blood within the ventricle. During the con- 
traction of the ventricle, the dorsal and ventral edges of the incomplete septum 
approach each other and according to some authors (2, 3, 8) separate the ven- 
tricle into two complete cavities. As a result the aorta to the head, which arises 
from the left side of the ventricle, receives mostly arterial blood. However, this 
does not explain why the pulmonary artery and the aorta to the body, which 
arise from the right part of the ventricle, receive venous and mixed blood re- 
spectively. 


‘Now with Louisiana State University School of Medicine, New Orleans, 
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According to Briicke (6,7) the orifice of the pulmonary artery is closed towards 
the end of systole either by contraction of a ring shaped muscle bundle or by 
sbstruction from the cartilaginous ridge which partly conceals this orifice. Does 
this closure of the pulmonary orifice during the last part of svstole contribute 
to the flow of arterial and venous blood into the proper vessels? 

Pressure studies from the pulmonary artery and the aortas of turtles should 
supply crucial information Concerning these mechanisms 

IeXPERIMENTAL METHODS. In six turtles the exposure of the blood vessels was 
made with the animal at room temperature (20°30 ( Phis usually caused a 
rather large blood loss. Six other turtles were kept in the refrigerator for several 
days. Rach of these was moved into the freezing compartment about thirty 
minutes before the experiment. Exposure of the blood vessels was made with 
these animals in a pan filled with ice eubes. The resulting blood loss was usually 
less than 1 ce. 

Optical records of the blood pressure were obtained simultaneously from. the 
pulmonary artery and from one or both of the aortas by means of the hypo 
dermic manometer (9, 10). One-half inch 26 CG. needles were inserted into the 
vessels at equal distances from the heart. Otherwise the technique Was essen 
tially as previously deseribed (11, 5 

The pulmonary artery. Serial cross sections (10 uw) of the pulmonary artery 
from its origin to a point bevond its bifureation were prepared and alternated 
stained with 1, Delafield’s hematoxvlin and eosin; 2, Heidenhain iron hema 
toxvlin, and 3, picrofuchsin. The valvular attachment was found to extend 
peripherally from the base of the heart for a distance of 2.2 mm. The carti 
laginous ridge described by Briicke (6) located within the common wall of the 
pulmonary artery and the body aorta, extends peripherally from the base of the 
heart fora distance of 2.6mm. The pulmonary arterial wall in contact with the 
cartilage is Composed entirely of fibrous connective tissue and endothelitum. — In 
the remaining circumference cardiac muscle tissue is present. Tt extends into 
the pulmonary artery 2mm. bevond the base of the heart. “This cardiac musele 
is mostly circular in arrangement but becomes oblique near the dorsal border of 
the cartilaginous ridge. Contraction of this cardine muscle ring was observed 
sometimes during the last half or two-thirds of svstole. “This narrows the first 
part of the pulmonary artery and together with the cartilaginous ridge, con 
tributes to the obstruction of the pulmonary orice (6 At the level of the 
peripheral end of the cartilaginous ridge smooth muscle is present and progres 
sively increases in amount so that from the point of bifureation to the site of the 
arterial ligament smooth muscle forms a prominent portion of the arterial wall 

Beginning at the site of the arterial ligament (duetus Botalli or ductus arts 
riosus) each pulmonary artery is continued as a much smaller artery to the lung 
This was first deseribed by Brenner (see 12) but only one current reference (13 
mentions it. 

Longitudinal sections of the area were prepared. Central to the site of mar 


rowing many circular and longitudinal muscle fibers are present. Data pre 


sented below (see effects of epinephrine ) show that these muscles are capable aD] 
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activity and can influence the size and the elastic properties of the pulmonary 
arterial reservoir. Peripheral to the site of narrowing the vessel wall is thin 
with a corresponding decrease in the amount of fibrous, elastic and muscle tissue. 

Pressure relationships among pulmonary and systemic vessels. Pressure pulses 
from the right and left aortas are synchronous and show that the pressures in 
these two vessels are equal (fig. 1). This suggests that contrary to accepted 
conceptions (2,3, 8) the interventricular ridge does not form a complete barrie: 
during systole between the left and right sides of the ventricle. 


Fig. 1. Simultaneous electrocardiograms (lead 2) and pressure pulses from the pul 
monary artery, right aorta and left aorta (from above downwards). The letters designate 
the electrical stimuli which were applied progressively earlier in the cardiac cycle. Stimuli 
\. B,C and D cause ventricular complexes; E and F cause auriculo-ventricular contrac 
tions. In these and all subsequent records the blood pressure scales are shown in units of 


10mm. Hg and the base line is interrupted at intervals of 1 second 


The pulmonary pressure pulses, however, differ in four main ways from those 
of the aortas (fig. 1,2). First, the pulmonary contours show a rapid descent of 
pressure during diastole. This means that, like mammals, the pulmonary pe- 
ripheral resistance is small in relation to the systolic change in the volume of the 
pulmonary arterial reservoir (‘Windkessel’’). Second, as in mammals, the di- 
astolic pressure in the pulmonary artery is much less than that in thesvstemic 
arteries. Third, the abrupt systolic increase in the pulmonary pressure always 
precedes the systolic rise in the aortic pressure by the length of time required to 


| 
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raise the pulmonary pressure to the level of the aortic diastolic pressure. Since 
venous blood occupies the right part of the ventricle (6), this initial blood flow 
into the pulmonary artery is the venous blood. Fourth, during the last half on 


two-thirds of systole, the pulmonary pressure is 2 mm. Hg or more below that in 


the aortas (fig. 1,2). This difference of pressure can be explained only by some 
interference with blood flow into the pulmonary artery. The obstruction pro 
duced by the cartilage (6) accounts for small differences in pressure. Contrac 


tion of the cardiac muscle ring was observed only when the records showed that 
large differences in pressure were present. 

Effects of artificial excitation, As electrical stimuli are applied progressively 

earlier in diastole the pressure pulses of the premature contractions progres 
sively decrease in size (fig. I-A, B,C, D). Stimuli very early in’ diastole 
during the Towave) cause ventricular contractions which pump little if any 
blood into any of the vessels (fig. 1-C, 1D). When the stimuli were applied dun 
ing the first part of the T wave, delaved contractions (14) were often present 
fig. I-E). Such contractions produced definite aortic and pulmonary pressure 
pulses, but electrocardiograms showed them to be auricular ventricular con 
tractions. The contracting auricles pump blood into the relaxing ventricle 
Applying the stimulus still earher (fig. 1-F), the premature auricular ventricular 
contraction pumps only sufficient blood from the auricles through the ventricle 
to cause a pulmonary pulse but no aortic pulse. 

The data fail to support the statements that the ventricle of the turtle retains 
a significant volume of blood at the end of systole and that the presence of such 
residual blood provides the mechanism by which minute output can be in 
creased (14). The ventricle of the turtle retains only an insignificant amount 
of blood at the end of svstole. 

Artificial acceleration of the heart by means of repeated clectrical stimuli low 
ered the mean systemic arterial pressure (14,5). Pulmonary pressure pulses, 
however, showed that the mean pulmonary pressure was increased. “This is ex 
plained by a shunting of some of the cardiac output into the pulmonary cireu 
lation. As shown in figure LA, premature contractions pump less than the usual 
amount into the aortas, but may pump almost the usual quantity into the pul 
monary artery. Repeated electrical stimuli, by accelerating the heart and by 
shifting the distribution of the blood, increased the mean pulmonary and low 
ered the mean systemic pressures. Such artificial acceleration, however, pro 
duces effeets which differ from those where the increase in heart rate is governed 
by body temperature and is coérdinated with increased venous return and mets 
bolie needs (5). 

Influ nee of the body temperature. 4 ‘cooling the turtle slows the heart, decreases 
aortic pressure, and reduces systemic blood flow (5). It also lowers the pul 
monary systolic and diastolic pressures (fig. 2). In three turtles the pulmonary 
pressure averaged 40/15 mm. Hg when the body temperature was approximately 
35°C; 27/9 mm. Hg at 20°C; and 20/4 mm. Hg at 5°C 

Cooling the animal increased slightly the slope of the pulmonary diastolic 


pressure die-away curve at any given pressure. “This might be secondary to the 


| 


632 R. 


1. WOODBURY AND G. GORDON ROBERTSON 


smaller pulmonary venous pressure (see below), which, of course would facilitats 
blood flow from the pulmonary artery. The absence of any decrease in the slop 
indicates that vasoconstriction of the peripheral pulmonary vessels was in 
effective if present. Since cooling the turtle does cause effective vasoconstric 
tion of the svstemic vessels (5), the decreased cardiac output associated with 
the slow heart rate tends to reduce svstemic flow more than pulmonary flow. 

The turtle, however, can avert anv extreme shifting of blood flow. As the 
heart slows and the pressures decrease, the pulmonary curve no longer is steep 
during the last part of diastole, though the aortic contours continue to show a 
gradual descent of pressure throughout diastole (fig. 2). Such records show that 
at these low body temperatures blood flow from the pulmonary artery occurs 
principally during svstole and early in diastole and is quite small during the last 
part of diastole. On the other hand, svstemic flow though decreased by vaso 
constriction continues throughout diastole. 


Fig. 2. Pressure pulses from the aorta and the pulmonary artery. The record at the left 


is trom a turtle, while the body temperature Was approximately 35°C; that at the right is 


from another turtle while the body temperature was approximately 2 ( 


As the body temperature approaches O°C and the heart rate becomes ex 
tremely slow (2 to 4 beats per minute), svstole, though long, occupies as little 
as 10 per cent of the cardiac evele. Pulmonary outflow practically ceases during 
the greater part of the unusually long diastoles, but svstemic outflow continues 
throughout these long diastoles. These data indicate the presence of an  eco- 
nomical means of maintaining adequate distribution of blood between the pul 
monary and systemic circulations at these low temperatures. 

During these long diastoles the color of the blood in the ventricle changes 
from that of arterial to that of venous blood. Evidently the main blood flow 
into the ventricle early in diastole is oxygenated blood from the pulmonary vein. 
This would explain the color of the ventricle early in diastole and may cause an 
unusually low pulmonary venous pressure. The blood flow into the ventricle 
from the svstemic veins is probably slower and probably continues throughout 
diastole. 

This extreme slowing of the heart is of vagal origin for it can be eliminated 
either by administering atropine sulfate (2 mgm.) or by pithing the animal. 


fh cls of he morrhage and infusion of fluid, The blood pressure changes, which 
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ere caused by moderately severe hemorrhage, are shown by the reconstructed 
wessure pulses, which are presented in figure 38. After hemorrhage the aortic 
nd the pulmonary blood pressures are unusually low considering the body tem 
perature of the animal. The sortie pressure remains elevated throughout 
tole, but the pulmonary pressure curve differs from the normal in that the pres 
ie declines rapidly during the last half of svstole 

The intravascular Injection of S to 10 ce. of Ringer's solution raised the pres 
~Ures and caused the pulse contour to return to normal (see first and second 
records of fig. 4). Severe hemorrhage was then produced and the pressures and 
pulse contours again showed the effeets of hemorrhage see second and third 
records of fig. 4 

Direct observation showed that after these hemorrhages the muscular tissue 
t the orifice of the pulmonary artery was contracting during the last part of 


systole. It did not occur after infusion of fluid. This shows that the pulmo 


Fig. 3. Aortic and pulmonary arterial pressure pulses reconstruct 


ths 


ed 
Phe aortie contours were lifted 2mm. Hg to avoid superimposition. BR 


oled turtle where the blood loss during the exposure was less than Le 
records at the left, moderate hemorrhage was allowed to occur and the 
were then obtairmed An electroeardiogram recorded simultanecou 


he right records so that the duration of systole is clear 


nary muscular ring at the orifice becomes active and plays an important rdle when 
the blood volume is abnormally low (hemorrhage and anhydremia By con 
tracting during the latter part of svstole, it shuts off the flow of blood to. thy 
pulmonary artery and allows the ventricle to pump blood into the two aortas 

This is a rather ingenious and effective reserve mechanism for maintaining 
pressure levels. 

After severe hemorrhage in a turtle whose pulmonary arteries were severed 
near the arterial ligament, a definite sustained contraction ring appeared im 
mediately central to the site where the pulmonary artery divides into the right 
and left: branches. Microscopic examination showed. the presence ob a larg 
amount of muscle tissue as described above and in some turtles a cartilaginous 
structure somewhat similar to that at the orifice of the pulmonary artery 

In a turtle, where hemorrhage was insignificant, Ringer's solution was in 
jected rapidly into the left aorta throughout one diastole Phe pressure in thi 


vessel did not decrease during this diastole, but increased 5 mm. Hye Phe pore 


samme scale 
ecords re trom 
records at the right 
\ s ineluded witl 
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sure in the other aorta did not decrease during this diastole, but increased 2 mm 
Hg. The pulmonary pressure, of course, was not influenced. These data prov: 
that anastomoses are present between the two aortas. 

These anastomoses (through the dorsal aorta (3)) may be unimportant in the 
normal physiology of the turtle, but their presence disproves statements sucl 
as “the ‘imperfect’? ventricle cannot be remedied merely by completing the 
interventricular septum” (2). The aorta from the right ventricle receives mixed 
arterial and venous blood. Merely completing the septum would allow only 
venous blood a direct entrance to this aorta. The right ventricular output 


would be decreased and its systolic pressure would be lowered. The left ven 
tricular output would be increased, since all of the arterial blood would pass 
directly into its aorta. The systolic pressure on the left side of the heart and in 


| | 
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Fig. 4. Electroeardiogram and pressure pulses from the left aorta and pulmonary artery 
Left pressure scale = aorta; right pressure scale = pulmonary artery fecords are from a 
cooled turtle where moderate hemorrhage occurred during exposure of the vessels \p 
proximately 10 ce. of Ringer’s was injected into the left aorta during the first break in the 


record At the sceond break in the record severe hemorrhage was allowed to oceut 


its aorta would be increased. The resulting differential pressure between the 
two aortas would supply ample arterial blood through the anastomoses. Active 
blood flow through these anastomoses would soon bring about their enlargement. 
The end result might be similar to that found in the erocodile and alligator, 
both of which have completed their interventricular septum. However, the 
mere completion of the septum would deprive the turtle of the advantages of a 
heart with only one ventricle. This might restriet his natural habitat to that 
of the crocodile and alligators, i.e. to areas between the frost lines of the northern 
and southern hemispheres. 

Effect of epinephrine HCL. The intravascular injection of 0.2 mgm. of epi- 
nephrine HC! (fig. 5) increased the systolic pressure equally in all three vessels, 
but increased the diastolic pressure only in the aortas. 
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A study of the pulse contours shows that epinephrine produces constriction of 
the peripheral systemic vessels and constriction of the large vessels which form 
the pulmonary arterial reservoir (**Windkessel’’). It has been shown in mam 
mals (11) that peripheral vasoconstriction of S\ stemic vessels raises the pressure 
without producing any fundamental change in the type of curve of the diastolis 
portion of the pressure pulse. The diastolic portion of the pulmonary pressure 
pulse, however, does show a fundamental change in the type of curve after the 
injection of epinephrine (fig. 5). At equal pressures during the lower part ot 
the curve the steepness was definitely increased by epinephrine, while at equal 
pressures at the upper part of the curve epinephrine produced no change or even 
some decrease in the steepness of the curve. Such changes are not produced by 
a change in peripheral resistance (11), but are produced by changes in the elastic 
properties of the ‘“‘Windkessel” from constriction of the large arteries (15 


Fig. 5. Pressure pulses from pulmonary artery, right aorta and left aorta (from above 
downwards) At break in the record 0.2 mgm. of epinephrine HCL was injected into the 
left aorta and twenty seconds of records were deleted 


Therefore, in turtles, the injection of epinephrine produces constriction of 
peripheral systemic vessels and of the vessels forming the pulmonary reservoir 


No evidence was obtained that epinephrine effectively constricts the peripheral 


pulmonary vessels. 


Aid from the Josiah Macy Jr. Foundation in carrying out these investiga 
tions is gratefully acknowledged. 


SUMMARY AND CONCLUSIONS 


The right and left aortic pressure pulses of turtles are svnehronous and show 
equal pressures. Blood flow and the systolic pressure rise occurs slightly earlier 
in the pulmonary artery than in the aortas. During the last part of systole the 
pulmonary pressure becomes 2 or more mm. Hg below that in the aortas. Dun 
ing diastole the pulmonary pressure descends more rapidly and to a lower value 
than that in the aortas. 

No evidence was obtained that the ventricle retains any significant residual 
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volume of blood at the end of the ejection period. The cardiac output in turtles 
is Increased by an increased heart rate and/or an, increased diastolic filling ot 
the ventricle. 

Cooling or warming the turtle respectively lowers or elevates the pulmonary 
systolic and diastolic pressure. At body temperatures near O°C, diastole is ex 
cessively prolonged. This is vagal in origin. 

The presence of onlv one ventricle enables the turtle to regulate effectively the 
distribution of blood flow between the systemic and pulmonary areas. — If thi 
need arises (after hemorrhage) blood flow can be diverted into the systemic ves 
sels by closing off the orifice of the pulmonary artery during the greater part of 
svstole and by reducing the size of the pulmonary arterial reservoir. 

Epinephrine HCL administered intravascularly increased the peripheral re 
sistance of the svstemic vessels, increased the muscle tone of the great pulmonary 


arteries, but gave no evidence of any effect upon the peripheral resistance of the 


pulmonary circulation, 
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Investigations of the ovulation inducing factor obtained from plant sources 
have been retarded by the lack of a year round supply of material. Dry leaves 
and even the fresh juice of the oat plant have not been a consistent source of 
the activity (1, 2). Extracts containing this factor have been prepared from 
occasional samples of frozen oat juice obtained from a commercial laboratory, 
but the lack of tests for activity of the juice before it was frozen and the frequent 
failures to obtain potent extracts from such juices, raised doubts as to the reten- 
tion of the activity during frozen storage. 

During the past year portions of juice samples, obtained at various times dur- 
ing the growing season, were canned and stored in the freezing room. The 
juices so stored were tested in the estrous rabbit from time to time to determine 
whether those samples, which were active as fresh juice, would retain their po- 
tency and be a source of material for study during the winter months when 
fresh juice would not be available. The data obtained during this investigation 
show that frozen juice retains its potency, and also that there is a seasonal varia- 
tion in the response of the rabbit to this plant substance. 

MATERIALS AND METHODS. Each collection of oat plants was brought in from 
the field and immediately ground to a pulp in a power grinder and then the 
juice was expressed from the pulp by squeezing through unbleached muslin. 
The major portion of the juice was sealed into tinned cans, each containing about, 
1 liter, which were then put in the freezing room for storage at 0-5° F. An 
aliquot of the remaining juice was immediately clarified by centrifugation or 
filtration, and the clarified juice processed in the same manner as described by 
Friedman and Mitchell (2). The benzoic acid powders obtained by this method 
were extracted with water at pH 7.4 (pH adjusted with 0.1 N NaOH) and the 
extracts were assayed by the rabbit ovulation test. The stored juices were pro- 
cessed and assayed after periods varying from a few days to several months. 
Since March 1942, the activity was extracted by a simplified procedure. The 
hydrogen ion concentration of the thawed juice is adjusted to 7.4 with 3 N 
NaOH, and allowed to stand in the refrigerator at 4°C. over night. The juice 
is then clarified by centrifugation, the solids are discarded, and the clarified juice 
then adjusted to pH 4.0 with 6 N H.SO,4. This causes the formation of a finely 
divided precipitate which settles out more completely when placed in the refrig- 
erator for several hours. The clear supernatant fluid is siphoned off and the 


1 This research was supported by an appropriation from Bankhead-Jones funds (Bank 
head-Jones Act of June 29, 1935). 
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sediment is centrifuged. The supernatant liquor is discarded; and the wet pre- 
cipitate, which contains the activity, may be extracted with water (about ;5 to 
‘, of the original volume) at pH 7.4 and this extract injected intravenously for 
assay, or the precipitate may be washed with acetone, dried under reduced pres- 
sure, and stored as a powder for future reference. 

The simplified method outlined above, is based on the observation that the 
addition of benzoic acid to plant juices always produced a final pH of 4.0 + 0.1. 
The aqueous extracts of the precipitates, thrown down at pH 4, are less toxic 
than those from the benzoic acid precipitation, and there is a high percentage of 
recovery of the active principle (ef. sample 06 below). 

RESULTS AND Discussion. The results of repeated tests on 3 different lots of 
frozen juice are plotted in figure | as representative of 6 different collections of 
oats. Each symbol represents an aliquot portion of a particular sample that 


Stability of the Rabbit Ovulating Factor in Frozen Juice 


Mor Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar 
194! 1942 


Fig. 1. A series of assays of 3 different lots of oat juice extracts in the estrous rabbit. 
The solid cireles represent positive tests (induced ovulation) and the figure below them 
indicates the number of ovulating units per liter of juice. The open circles represent nega- 
tive tests. The date of collection foreach juice is noted. The first tests on 03 and 06 were 
on the fresh juice extracts. We are indebted to Dr. E. T. Gomez and Mr. A. M. Hartman 
of this Bureau for the samples of the juice, designated 07, which were collected and put in 
storage June 5, 1940. 


was processed and assayed at the time indicated. It is apparent that juices, 
when frozen, retain their rabbit ovulating potency for at least 21 months. The 
apparent increase in potency of the juices in the March 1942 assays may be due 
in part to the improved method of extraction. Both juices, 07 and 03, are pe- 
culiar in that samples which were assayed in rabbits from August through No- 
vember, gave negative results. Juice 06, collected September 3, 1941, was nega- 
tive when tested initially; but, after 6 months of storage, it proved to be the 
most potent juice obtained last year. It is interesting to note that 8 to 10 ee. of 
the clarified juice (06) when injected intravenously, after adjusting to pH 7.4 
with 0.1 N. NaOH, has induced ovulation in 3 different assays. Doses of ex- 
tracts representing 10 ec. of this juice and containing 1.5 mgm. of dissolved sol- 
ids, have also been effective in inducing ovulation in the rabbit. This indicates 
a high percentage of the original activity in the final extracts. Another sample 
of oats collected September 9, 1941, was similar to sample 06 in that it also was 
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negative when assayed initially but has subsequently been proven to be of sim 
ilar potency. 

Friedman and Mitchell state that when extracts prepared during the preeed 
ing season had been stored as powders that, “With such stored powders it was 
possible to obtain positive responses in every month from January to May in 
clusive,...’’ In our experience, extracts from frozen juices have induced ovula- 
tion in the months of January into July. It was possible to obtain positive 
responses in rabbits from March to July 1941, and again from January to March 
1942, to doses of juice extracts which gave negative responses from August to 
December 1941. During the late summer and fall there is a lower incidence of 
estrus in rabbits (3). Our observations on extracts from frozen juice and the 
reconsideration of the data of Friedman and Mitchell (4) make it seem very 
probable that there is a seasonal variation in the response of the rabbit to this 
plant substance. 


SUMMARY 


Oat juice collected at various intervals during the growing season retains its 
ovulating potency for at least 21 months when stored in the frozen state. Such 
storage makes possible a reliable year round source of the ovulation factor in 
plant juices. A simplified method for the extraction of this factor is presented. 
There is a variation in the responsiveness of the estrous rabbit to the ovulation 
factor, the rabbit being less responsive during the late summer and fall months 
of the year. 
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